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Remarks 

Applicants amended lines 24-33 on page 42 of the 
specification to add "Strain 72 is synonymous with Clone 72 
in WO 96/40238, where Clone 72 is listed as a strain in 
tables 20B, 20C and 20E." Support for the amendment can be 
found on Table 20(B), line 11, page 113; Table 20(C), line 
27, page 114; and Table 20(D), line 30, page 115 of WO 
96/40238, . which has been incorporated by reference into 
this Application. Accordingly, there is no issue of new 
matter . 



Claims 1-9 and 11-18 are pending in this Application. By 
this Amendment, Applicants have canceled claims 1-9 and 11- 
18 and submitted new claims 25-43. Enablement and support 
for new claims 25-43 can be found in the pages and line 
numbers of the specification indicated below. Therefore, 
there is no issue of new matter, and Applicants 
respectfully request the entry of this Amendment. Upon 
entry of this Amendment, claims 25-43 will be pending and 
under examination. 



Claims 25-2 6: Addition of the F ' into Salmonella capable of 
targeting tumors by intravenous administration is on page 
41, lines 23-34 of WO 0114579. A copy of WO 0114579 is 
attached herein as Exhibit A. Also see page 45, lines 1-2, 
of the specification. An example of targeting tumors by 
one of these strains is on pages 42-44 of the specification. 
Salmonella "strain 72" on page 41 is synonymous with "clone 
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72" in WO 0114579. Strain 8.7 is address on page 10, lines 
19-21 of the Specification. 



Claims 27-28 and 31-32: Salmonella "strain 72" on page 41, 
line 23, of the specification is attenuated. Strains 
VNP20009 and YS1456 on page 41, line 33 are attenuated. 
Section 6.4 on page 43-44 of the specification is directed 
towards attenuated Salmonella. 

Claims 33 and 35: Strains VNP20009 and YS1456 on page 41, 
line 33 of the specification are attenuated by msbB" 
mutation. Section 6.4 on page 43-44 of the specification 
is directed towards attenuated Salmonella 8.7, which is 
attenuated by msbB" mutation. 

Claims 34 and 36: Salmonella "strain 72" on page 41 . line 
23 of the specification is attenuated by pur" mutation. 
Strain VNP20009 and YS1456 on page 41, line 33 of the 
specification are attenuated by purl". 

Claim 37: Section 6.3 page 42-43 of the specification is 
directed towards delivery of phage to tumors. 

Claim 38: Combined data from page 41 to 46 of the 
specification demonstrate the components necessary to 
construct a kit. 

Claim 39: The composition of the kit is discussed on page 
40, lines. 19-32 of the specification. Combined data from 
page 41 to 46 of the specification demonstrate utility of 
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the components necessary to construct a kit. Use of CMV 
promoter is discussed in Section 6.1 on page 41, line 9-11 
of the specification. The plasmid pEGFP-Nl on page 47, 
line 3 contains the CMV promoter. 

Claim 40-41: Amount of phage delivered to tumor cells by 
Salmonella is shown on page 44, Table 1, lines 1-19. 

Claim 42-43: Amount of phage delivered to tumor cells by 
attenuated Salmonella is show on page 45, Table 2, lines 7- 
24. 

Spec i f icat ion 

The disclosure is objected to by the Examiner because the 
page numbers on the Table of Contents pages of the 
specification (i-ii) do not correspond to the page 
numbering of the rest of the specification. 

Upon review of the Table of Contents pages of the 
specification (i-ii), Applicants are unable to identify the 
error in the page numbering. Therefore, Applicants 

respectfully request the Examiner to clarify the error (s) 
that the Examiner would like Applicants to correct. 

Claims Objections 

The Examiner stated that the Markush group language should 
be perfected in claim 6 to read u the group consisting of a". 



Without conceding 
position and to 



the correctness of the Examiner's 
expedite the prosecution of this 
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Application, Applicants have canceled claim 6, thereby 
rendering the above objection moot. 

Claims Rejections - 35 U.S.C. § 112 , first paragraph 



The Examiner rejected claims 1-9 and 11-18 under 35 U.S.C. 
§ 112, first paragraph, as failing to comply with the 



claim (s) contains subject matter which was not described in 
the specification in such a way as to enable one skilled in 
the art to which it pertains, or with which it is most 
nearly connected, to make and/or use the invention." 

1. The Examiner alleged that the present claims are very 
broad in that "the bacterium may be any Gram-negative 
bacterium, the gene product of interest can be 
virtually anything, the composition can be 
administered by any route, and the method can be used 
for treatment of any tumor-based disease." 

Without conceding the correctness of the Examiner's 
position and to expedite the prosecution of this 
Application, Applicants have canceled claims 1-9 and 11-18 . 
New claims 25-43 recite w Salmonella strain expressing F ' 
pilus and capable of producing a filamentous bacteriophage 
directly wherein the Salmonella is capable of targeting 
tumors by intravenous administration..." which do not contain 
the above mentioned issues, thereby rending the above 
ground (s) of rejection moot. 



enablement requirement . 



The Examiner stated that 



the 
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2. The Examiner stated that "the only disclosed use for 
the pharmaceutical composition is gene therapy." 
Applicants respectfully maintain that this invention 
offers several utilities, such as a method and 
composition for delivering phage to tumors. One 
utility is directed toward gene therapy. Another 
utility is in the discovery of tumor-specific peptide 
ligarids, as disclosed by Pasqualini et al . , 1997. A 
copy of Pasqualini et al. is attached herein as 
Exhibit B. Another utility of delivering phage to 
tumors is as a delivery agent for an MHC class I 
antigen, such as a LLO 91-99 peptide is described on 
pp 46-47. 

3. The Examiner alleged that "an analysis of the prior 
art as of the effective filing date of the present 
application show a complete lack of documented success 
for gene therapy." See page 5, paragraph 1, of the 
September 8, 2004 Office Action ("OA"). 

Without conceding the correctness of the Examiner's 
position and to expedite the prosecution of this 
Application, Applicants have canceled claims 1-9 and 11-18 . 
New claims 25-43 recite "Salmonella strain expressing F' 
pilus and capable of producing a filamentous bacteriophage 
directly wherein the Salmonella is capable of targeting 
tumors by intravenous administration..." which do not contain 
the above mentioned issues, thereby rending the above 
ground (s) of rejection moot. 
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The Examiner further stated that: 

(a) No form of gene therapy can yet be considered a 
success, and the major problem still lies in 
delivery mechanism, (page 5, line 9-10, of OA) 

Without conceding the correctness of the Examiner's 
position and to expedite the prosecution of this 
Application, Applicants have canceled claims 1-9 and 11-18. 
New claims 25-43 recite "Salmonella strain expressing F' 
pilus and capable of producing a filamentous bacteriophage 
directly wherein the Salmonella is capable of targeting 
tumors by intravenous administration..." and is directed 
toward a mechanism to effectively deliver a bacteriophage 
agent. Accordingly, new claims 25-43 do not contain the 
above mentioned issues, thereby rending the above ground (s) 
of rejection moot. 

(b) Only a few cells, if any, may be transformed with 
DNA carried by a bacterial vehicle... It would 
appear that use of bacteria as DNA delivery vehicles 
is not very efficient in other cell lines. (page 6, 
line 2-4 and 11-12, of OA) 

Applicants respectfully maintain that methods using 
Salmonella to deliver antitumor agents or genes encoding 
antitumor agents or molecules are not complex and are not 
limited to specific cell types because Salmonella targeting 
to tumors is very broad. Lee et al . , 2004 Cancer Gene 
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Therapy, and other investigators have shown that a tumor 
targeted Salmonella, simply transformed with a plasmid 
containing a CMV promoter driven antiangiogenic factor 
thrombospondin, were effective in treating murine tumors. A 
copy of Lee et al . is attached herein as Exhibit C. 

(c) Expression of a heterologous nucleotide sequence is 
not stable over time, (page 6, line 18-19, of OA) 

Applicants respectfully maintain that stability may improve 
efficacy, but it is not required, e.g., (Lee et al . , 2004 
Cancer Gene Therapy) . 

(d) There is ample evidence in the prior art that the 
delivery of heterologous genes to eukaryotic cells 
via bacterial vectors is unpredictable and far from 
routine. (page 7, line 5-6, of OA) 

Without conceding the correctness of the Examiner's 
position and to expedite the prosecution of this 
Application, Applicants have canceled claims 1-9 and 11-18 . 
New claims 25-43 recite "Salmonella strain expressing F' 
pilus and capable of producing a filamentous bacteriophage 
directly wherein the Salmonella is capable of targeting 
tumors by intravenous administration../' which do not contain 
the above mentioned issues, thereby rending the above 
ground (s) of rejection moot. 



(e) It is not routine in the art to administer the 
bacteria by any route. There is unpredictability 
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regarding antigen stability and antigen expressing 
when administering attenuated bacteria orally, (page 
7, line 9-12, of OA) 



Without conceding the correctness of the Examiner's 
position and to expedite the prosecution of this 
Application, Applicants have canceled claims 1-9 and 11-18 . 
New claims 25-43 recite "Salmonella strain expressing F ' 
pilus and : capable of producing a filamentous bacteriophage 
directly wherein the Salmonella is capable of targeting 
tumors by intravenous administration ../ 7 which do not contain 
the above mentioned issues, thereby rending the above 
ground (s) of rejection moot. 

In regard to the status of u gene therapy", Applicants 
respectfully disagree with the examiner. Gene therapy 
methods also provide useful research tools necessary for 
pharmaceutical industry basic research. Filamentous phage 
has documented use in cancer diagnostic and therapeutic 
discovery. See Pasqualini et al . , 1997, and Figini et al . , 
1998, attached herein as Exhibit D. It has also been 

shown that filamentous phage have utility in transformation 
of mammalian cells with ex- vivo application. See Larocca 
et al., 1999, attached herein as Exhibit E, and Poul and 
Marks, 1999, attached herein as Exhibit F. In vivo 
application is absent due to insufficient delivery to 
tumors in vivo. However, none of the prior art provides 
methodology for delivery of filamentous phage directly to 
tumors in high numbers by intravenous administration. For 
example, Pasqualini et al . , (1997) demonstrated 
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approximately 2 x 10 3 /mg or 2 x 10 6 /g (Figure 1) phage 
within tumors; only a two-fold increase compared to brain 
or kidney (based on total phage in those organs) . In the 
instant application on pages 42 to 44, it is demonstrated 
that in several cases, greater than 2 x 10 9 p.f.u./g 
(phage/gram of tumor) were present ; and corrected values 
were as high as 4.6 x 10 11 . Therefore, bacterial delivery 
to tumors by intravenous administration was 1000 to 100,000 
times greater than intravenous administration of the phage. 
Delivery directly to tumors by intravenously administered 
attenuated, tumor- targeted Salmonella is a novel 
composition and method for delivering phage to tumors in 
high numbers , 

Furthermore, genetically engineered Salmonella have been 
demonstrated to be capable of tumor targeting, possess 
anti-tumor activity and are useful in delivering effector 
genes such as the herpes simplex thymidine kinase (HSV TK) 
to solid tumors. See page 3, lines 26-29, of specification 
and Pawel.ek.et al . , W09 6/4023 8. 

4. The Examiner alleged that the "effectiveness of a 



potential new delivery system, such as tumor- 
targeted bacteria containing a bacteriophage 
encoding a gene of interest, cannot be predicted in 
the absence of in vivo testing for a therapeutic 
effect." (page 8, line 13-15, of OA) 
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Without conceding the correctness of the Examiner's 
position and to expedite the prosecution of this 
Application, Applicants have canceled claims 1-9 and 11-18. 
New claims 25-43 do not recite a w tumor- targeted bacteria 
containing a bacteriophage encoding a gene of interest." 
Moreover, Examples 6.3 and 6.4 clearly demonstrated that 
tumor-targeting Salmonella strain can deliver phage to 
tumors, thereby rendering the above ground (s) of rejection 
moot . 

5. The Examiner alleged that the present specification 
provides little direction or guidance because "no 
direction is provided on how to generate tumor 
target bacterium in Gram-negative species other than 
Salmonella..., and the basis for the tumor targeting 
in the Salmonella used is not disclosed." (page 8, 
line 19-22, of OA) 

In response, Applicants have submitted new claims 25-43 for 
the Examiner's consideration. The new claims recite a 
Salmonella strain expressing F' pilus and a filamentous 
bacteriophage. In addition, the "basis for the tumor 
targeting in the Salmonella used" is disclosed in the 
specification on page 44, lines 27-35 and page 45, lines 
26-27, thereby rending the above ground (s) of rejection 
moot . 

6. The Examiner alleged that (a) the working examples 
do not demonstrate gene expression or therapeutic 
effect due to expression of a gene of interest. The 
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Examiner further alleged that (b) "it is highly 
questionable whether a mouse model provides a basis 
for predictability of results in higher order 
mammals, specifically humans, (page 9, line 14-17, 
of OA) 



Applicants respectfully traverse the Examiner's above 
ground of .rejection. Applicants maintain that mouse models 
are key to the study of many human pathologies, and that 
numerous mouse tumor models resembling human cancers have 
been developed or are available. These models have been 
widely used for anticancer drug testing and with high 
reliability and predictability. For example, see Monosov 
et al., U.S. Patent Nos. 5,491,284, issued February 13, 
1996, and 5,569,812, filed October 29, 1996, attached 
herein as Exhibit 6. Monosov et al . , U.S. Patent No. 
5,491,284, discloses and claims a nude mouse model for 
human neoplastic disease which mimic the progression of 
neoplastic disease in the human donor (col 3, lines 1-7 and 
col. 11, lines 19-29) . 

In response, applicants' new claims recite a composition 
comprising a Salmonella strain expressing the F ' pilus and 
a filamentous bacteriophage wherein the Salmonella is 
capable of targeting tumors by intravenous administration, 
i.e., page 43, lines 20-34, page 44, and page 45, lines 1- 
27. New claims 25-43 do not contain the above issues 
raised by the Examiner, thereby rendering the above 
ground (s) of reject moot. 
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7. The Examiner alleged that the quantity of 
experimentation necessary to carry out the invention 
is high because one of skill in the art would have 
to determine (a) if a gene of interest encoded by a 
bacteriophage and delivered by a bacteria is 
delivered efficiently and preferentially to the 
targeted tumor type; (b) if the gene of interest is 
expressed efficiently; (c) if such expression 
provides any therapeutic effect; and (d) if the 
bacterial composition would survive and bacteria 
would reach the targeted tumors efficiently and in 
sufficient number to achieve a therapeutic effect 

Without conceding the correctness of the Examiner's 
position and to expedite the prosecution of this 
Application, Applicants have canceled claims 1-9 and 11-18. 
New claims 25-43 do not recite "a gene of interest encoded 
by a bacteriophage," thereby rendering the above ground (s) 
of rejection moot. 

Claims Rejections - 35 U.S.C. § 112 , second paragraph 

The Examiner rejected claims 1-9 and 11-18 under 35 U.S.C. 
§ 112, second paragraph, as being indefinite for failing to 
particularly point out and distinctly claim the subject 
matter which applicant regards as the invention. 

Without conceding the correctness of the Examiner's 
position and to expedite the prosecution of this 
Application, Applicants have canceled claims 1-9 and 11-18 



Applicants : 
U.S. Serial No. : 
Filed : 
Page : 



BERMUDES, et al. 
10/790,586 
March 1, 2004 
22 



and added new claims 2 5-44, which do not contain the above 
mentioned issues, thereby rendering the above rejection (s) 
moot . 
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CONCLUSION 

Applicants believe that all grounds of objections and 
rejections raised in the outstanding Office Action have 
been fully addressed. Accordingly, Applicants respectfully 
request the reconsideration and withdrawal of these grounds 
of objections and rejections, and respectfully request 
favorable action to be rendered by the Examiner. 

If a telephone interview would be of assistance in advancing 
prosecution of the subject application, Applicants' undersigned 
attorney invites the Examiner to telephone him at the number 
provided below. 

No fee is deemed necessary in connection with the filing of this 
Communication. However, if any fee is required, authorization is 
hereby given to charge the amount of any such fee to Deposit 
Account No. 50-1891. 



Respectfully submitted, 
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Albert Wai-Kit Chan 
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av Integrins as receptors for tumor 
targeting by circulating ligands 
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Phage displaying an Arg-Gly-Asp (RGD)-containing peptide with a high affinity for av integrins homed 
to tumors when injected intravenously into tumor-bearing mice. A substantially higher amount of 
av-directed RGD phage than control phage was recovered from malignant melanomas and breast carci- 
noma. Antibodies detected the av-directed RGD phage in tumor blood vessels, but not in several normal 
tissues- These results show that the av integrins present in tumor blood vessels can bind circulating 
ligands and that RGD peptides selective for these integrins may be suitable tools in tumor targeting for 
diagnostic and therapeutic purposes. 

Keywords: phage display, tumor targeting, RGD, angiogenesis, integrins 



Endothelial cells in different parts of the vasculature are not alike; 
various organs and tissues express specific endothelial surface 
markers, while a separate set of surface molecules marks the endo- 
thelium at sites of inflammation 1- *. 

Tumor vasculature undergoes continuous angiogenesis and 
expresses molecular markers that characterize these vessels. The 
markers in angiogenic endothelium include certain receptors 
for vascular growth factors, such as various VEGF receptors 7-13 , and 
the avp3 integrin" Preventing the avp3 integrin, and in some 
cases avp5, from binding to their ligands causes apoptosis in 
the endothelial cells of newly formed blood vessels 19 ,6 . Peptides 
that mimic ligands of these integrins and anti-integrin antibodies 
capable of inhibiting their ligand-binding have antitumor 
effects 1 * 17 . Blockers of av integrins also show promise as inhibitors 
of pathological angiogenesis in other situations, such as in 
retinopathy". 

An immunohistochemical study indicates that various inte- 
grins, including av03, can be expressed on the apical surface of 
blood vessels". We asked whether otv03 integrins are active and 
available for binding of circulating ligands and whether the expres- 
sion levels of this integnn in tumor and normal vasculature are 
sufficiently different to permit tumor targeting. 

We recently developed an in vivo targeting system that uses 
peptides expressed on the surface of bacteriophage to study organ- 
specific targeting*, Peptides in as many as 10 9 permutations are 
expressed on the surface of phage where the peptide is fused to one 
of the phage surface proteins 50 ; in the in vivo procedure, phage 
capable of homing into certain organs or tissues following an 
intravenous injection are selected from such a peptide library. The 
ability of individual peptides to target a tissue can also be analyzed 
by this method 6 . 

. We use phage-displayed peptides to target tumors, focusing on 
targeting of av integrins in tumor blood vessels with a selected 
peptide. Many integrins, the av integrins in particular, recognize 
an Arg-Gly-Asp (RGD) sequence as the critical determinant in 
their ligands. Peptides containing the RGD sequence are com- 
monly employed as specific probes for the various integrins 21 . We 
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used a nine-amino acid peptide that contains an RGD sequence in 
a cyclic conformation with two disulfide bonds, which is highly 
selective for the av integrins". We have found that phage bearing 
this cyclic nonapeptide, CDCRGDCFC, become selectively concen- 
trated in tumors, suggesting that av-directed peptides can be.use- 
ful in diagnostic and therapeutic tumor targeting. 

Results 

Targeting of CDCRGDCFC-phage into tumors. We studied the 
distribution of phage carrying the CDCRGDCFC peptide (RGD- 
4C phage) and various control phage after intravenous injection 
into tumor-bearing nude mice. MD-MBA-435 human breast can- 
cer tumor (diameter 1-L5 cm) grown in the mammary fat pad 
was used as the initial target. The phage was rescued from the tis- 
sues 4 min after the injection, and the number of phage per gram 
of tissue was quantitated. The control phage mixture shows no 
appreciable enrichment in any organ without multiple rounds of 
selection, allowing comparison of the RGD-4C phage distribution 
with that of unselected control phage. The control phage mixture 
(and several individual phage used as additional controls, see 
below) were found in about 20-fold higher levels in the two nor- 
mal tissues studied, the brain and the kidney, than in the tumors 
(Fig 1A); the difference probably reflects greater blood flow into 
these normal organs than into tumor tissue, In contrast, twofold to 
threefold more of the RGD-4C phage was rescued from the tumors 
than from the control tissues, and less of this phage was found in 
the control tissues than of the control phage.. 

We have also quantitated the RGD-4C phage in tumor and 
brain tissues obtained after the mice were perfused through 
the heart, and have found that 20-fold more RGD-4C phage can 
be recovered from the tumor (not shown).. This observation is 
in agreement with the immunostaining data detailed below 
(performed under the same conditions), which also show that the 
majority of phage in the normal tissues is not bound to the tissues, 
and it is likely to represent background . 

The difference in the amount of the RGD-4C phage relative 
to the control unselected phage mixture was, on average, tenfold 
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Figure 1. Intravenously injected phage carrying an av-directed RGD 
peptide are preferentially recovered from MDA-MB-435 derived breast 
carcinoma tumors. (A) Recovery of av-directed CDCRGDCFC-phage 
from tissues, Phage carrying the peptide, or pooled phage (CX5-7C 
libraries), were injected in the tail vein of mice bearing MDA-MB-435 
breast carcinoma size-matched tumors (about 1.2 cm in diameter). 
The number of phage recovered and standard error of the mean 
{S.E.NL) from triplicate platings are shown. All differences are statis- 
tically significant (p<0.001). (B) Inhibition of CDCRGDCFC-phage 
targeting by the corresponding soluble peptide. Phage carrying the 
peptide (10° transducing units) were injected in the tail vein of mice 
carrying MB-MDA-435 breast carcinoma tumors that were about 
1,2 cm In diameter. The amounts of phage recovered from various 
tissues without inhibition and in the presence of a soluble peptide 
similar to the sequence displayed by the phage (ACDCRGDCFCG) or 
a control peptide (GRGESP) are shown. S.E.M. from triplicate platings 
is shown. All differences are statistically significant (p<0 .001). 
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Figure Z Targeting of the CDCRGDCFC-phage into B16B15b murine 
melanoma tumors, Phage carrying the peptide (10 B transducing units) 
were injected in the tail vein of mice bearing tumors that were about 
1 cm in diameter. The phage was colnjected with 500 ug of either the 
corresponding soluble peptide, ACDCRGDCFCG, or a control peptide 
(GRGESP). The number of phage recovered is shown- S.E.M. from 
triplicate platings is shown; all differences are statistically significant 
(P<0.001). 

(10 independent experiments). Taking into account this difference 
and also the lower background of the RGD-4C phage in the 
control organs, the overall tumor selectivity of the RGD-4C phage 
is estimated to be in the range of 40-fold to 80-fold . In addition, 
the specificity of the RGD-4C localization into the tumors was 
further demonstrated by a substantial reduction in the tumor 
accumulation upon coinjection of the cognate RGD peptide, 
ACDCRGDCFCG, (Fig. IB). Coinjection of a control peptide, 
which has no appreciable affinity for integrins (GRGESP), had no 
effect; similar results were obtained in six experiments 
In contrast to what was seen in the tumors, the RGD-4C peptide 
reduced only slightly, or did not affect at all, the amount of RGD- 
4 C phage recovered from brain and kidneys, supporting the con- 
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elusion that the phage was nonspecifically trapped in these organs. 
Another RGD phage, which carries a peptide selective for the ctSpl 
integrin, CRGDGWC (ref 22), was also tested. It was found to be 
similar to the control phage mixture, showing no preferential accu- 
mulation into the MDA-MB-435-derived tumors (data not 
shown) 

The RGD-4C phage also accumulated preferentially into subcu- 
taneous murine B16B15b. melanoma (Fig. 2) and human C8161 
melanoma tumors (data not shown) The tumor homing was, 
in each case, gready reduced by coinjection of the cognate peptide, 
but not by the GRGESP control peptide (Fig, 2), We also observed 
that when the C8161-derived and MDA-MB-435-derived tumors 
were smaller than 0.5 cm, less specific targeting was seen than with 
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Figure 4. Detection of phage antigens in tissues 24 h after intravenous 
injection. Phage carrying the ttv-dlrected peptide CDCRGDCFC or 
insertless control phage were injected intravenously into mice, (A, C, 
E, F) Mice that received the phage carrying the av-directed peptide 
CDCRGDCFC. (A) MDA-MB-435 breast carcinoma tumor tissue. (C) 
Brain, (E) Lung. (F) Kidney.. (B) Phage staining of MDA-MB-435 tumor tis- 
sue from a mouse that received insertless phage, (D) Brain tissue from 
an animal injected with a brains-selective phage (CSSRLDAC-phage 6 ) 
Magnification = 100x. 




Figure 3. tmmunohistochemical staining of phage in tumors and tis- 
sues of tumor-bearing mice. Phage carrying the av-dlrected peptide 
CDCRGDCFC or insertless control phage were injected intravenously 
into mice. An antibody against M13 phage and a polyclonal anti-av03 
were used for staining. {A through F) Mice that received the phage 
carrying the av-directed peptide CDCRGDCFC. (A) MDA-MB-435 breast 
carcinoma tumor tissue. (B) Skin adjacent to the tumor. (C) Brain. 
(D). Kidney. (E) Lung. (F) Liven (G) Phage staining of MDA-MB-435 tumor 
tissue from a mouse that received insertless phage, (H) MDA-MB-435 
tumor tissue stained with anti-avB3 antiserum. (I through L) Mice 
bearing B16B15b-derived melanoma. (I and J) Mice injected with the 
phage carrying the av-directed peptide CDCRGDCFC. (I) Tumor. (J) 
Skin adjacent to the tumor, (K) Phage in tumor tissue from mice that 
received the insertless phage. (L) Tumor tissue stained with the anti- 
ex vB3 antiserum. Magnification = 400x. 



larger tumors. This is likely due to the lower degree of vasculariza- 
tion in the smaller tumors, which we observed by staining for von 
Willebrand factor as a marker of blood vessels. 

Immunohistochemical staining of phage in tumors and 
tissues of tumor-bearing mice.The phage experiments described 
above were performed by quantitating the phage in tissue extracts 
after a short circulation time. This experimental arrangement was 
chosen to avoid having the specifically bound phage be taken up by 
the cells and inactivated. However, we did note that perfusion of 
the mice through the heart reduced the background phage counts 
in the nontumor tissues.. As any phage inactivation was not likely 
to be critical in immunostaining experiments, the mice were per- 
fused prior to processing the tissues for staining. Marked staining 
for the phage was seen in an MDA-MB-435-derived breast carci- 
noma tumor from an animal injected with the RGD-4C phage 
(Fig. 3A), whereas injection of the control phage mixture or an 
insertless control phage (Fig. 3G) gave no staining in size-matched 
tumors. The staining observed in the tumors followed the small 
blood vessels and appeared to localize to the endothelial lining. 
Control tissues (skin adjacent to the tumor, brain, kidney, and 
lung) from animals injected with the RGD-4C phage showed no 
staining (Figs. 3B toE). 

In keeping with the previously observed capture of circulating 
phage into tissues containing a reticuloendothelial system (RES) 
component', both the RGD-4C and control phage caused staining 
in the liver (Fig. 3F) . Phage quantitation experiments have shown 
that the liver uptake of the phage can be prevented by coinjecting 
the mice with an excess of noninfective fuse 5 phage (not shown). 
This and the fact that the liver localization was independent of the 
peptide carried by the phage clearly indicate that the liver uptake is 
a property of the phage, not of the peptide. 

Immunostaining also localized the RGD-4C phage to blood 
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vessels within the melanoma tumors (Fig. 31). The skin adjacent 
to the tumor was not stained (Fig. 3J) and control phage gave no 
staining in the tumor (Fig, 3K), 

The MDA-MB-435 carcinoma and the B16B15b melanoma 
cells express the av£3 integrin, as determined by FACS analysis 
(data not shown). Immunostaining of tumor sections with a poly- 
clonal anti-avP3 antibody revealed staining of both the tumor 
tissue and the blood vessels in it (Figs 3H and L). 

To mimic more closely a clinically relevant tumor-targeting 
situation, we have also conducted a series of experiments in which 
the avp3-directed RGD phage was allowed to circulate for 24 h 
prior to harvesting of the tissues for immunostaining. At the 
24 h time point, about 90% of the phage had been eliminated from 
the circulation. Immunostaining revealed phage proteins in and 
around the small blood vessels within the tumor (Fig, 4A), but ail 
other organs studied (with the exception of the liver and the 
spleen) were negative (Fig. 4B, C, E, and F). A phage carrying a 
brain-homing peptide stays inside the blood vessels, even after 24 h 
(Fig. 4D). 

Discussion 

We have shown that an RGD peptide selective for av integrins can 
direct phage displaying such a peptide to home into tumors. Blood 
vessels appear to be the structural component targeted by the 
phage displaying the av-directed peptide. 

We used peptides displayed on phage as a probe in our tumor 
targeting experiments. While phage as a carrier has some limi- 
tations, such as being taken up by the RES 6 21 , it can serve to illus- 
trate the potential of peptides to target materials into selected 
tissues- In this regard, the phage mimics the targeting of particles, 
such as liposomes, as well as the viruses used in gene therapy The 
phage can readily be detected in tissues both by counting infec- 
tious phage particles and by employing immunohistochemistry. 
Moreover, the specificity of the RGD-4C phage can be assessed by 
inhibiting the localization with free peptide and by using control 
phage that carry another peptide or 'no peptide at all. 

Several observations attested to the specificity of the tumor 
targeting by the av-directed RGD-4C phage and the peptide 
displayed by it. First, only the phage car rying the RGD-4C peptide 
accumulated in tumors, whereas phage carrying another RGD 
peptide with a different integrin specificity or phage with unre- 
lated inserts did not (except those we have specifically selected for 
tumor homing after multiple rounds, data not shown). Secondly, 
the difference between the tumor accumulation of the RGD-4C 
phage and various control phage was substantial, an average of 
tenfold Taking into account the lower background of the RGD-4C 
phage in nontumor tissues, the estimated tumor selectivity of this 
phage is even more impressive. Thirdly, the cognate peptide inhib- 
ited the tumor homing of the RGD-4C phage. This latter result 
shows that the phage homing is dependent on the peptide dis- 
played by the phage, and is not caused by some other coincidental 
property of the phage. Another control, lack of any effect by a con- 
trol peptide on the tumor homing of the RGD-4C phage, further 
substantiates the specificity. 

The large difference in the tumor homing of the RGD-4C 
phage relative to control phage reflects the potential of the system 
in tumor targeting. We did recover significant quantities of the 
RGD-4C phage from various control organs in the experiments 
that used phage counting as the read-out. However, at least a 
majority, if not all, of this phage recovery represents nonspecific 
background, because it was not reduced upon coinjection of the 
cognate peptide Moreover, perfusion of the mice greatly improved 
the tumor tissue/normal tissue ratio. Examination of histological 
sections of the tumors revealed fewer blood vessels in the tumors 
than, for example, in the brain (Fig. 3), suggesting that the back- 



ground phage level in a given tissue may reflect the number of 
blood vessels in that tissue. 

The liver and spleen, unlike the other normal tissues we ana- 
lyzed, contained phage detectable by immunostaining even after 
perfusion, which tends to minimize or eliminate background in 
other organs. The RES is known to capture circulating particles, 
including phage", and this appears to be the reason for the pres- 
ence of phage in liver and spleen. Administration of noninfective 
phage prevents the capture by the RES of phage from a coinjected 
peptide library (data not shown), making it possible to reduce or 
eliminate this limitation of the phage targeting system As the liver 
uptake is property of the phage, and not related to the peptide car- 
ried by the phage, it is not likely to limit the tumor-targeting 
potential of the RGD-4C peptide. This potential is illustrated by 
the high overall tumor selectivity; the expectation is that other 
materials coupled to the same peptide would display similar pref- 
erence for tumors. 

Even though both the endothelia and the tumors themselves 
expressed the av integrin(s) targeted by the RGD-4C peptide, our 
observations indicate that the RGD-4C phage binds to the blood 
vessels within the tumors. Endothelial binding of the phage was 
strongly suggested by the staining results, which showed that the 
phage is confined to the tumor blood vessels. Our earlier results 
with phage targeting into the brain and kidney also showed exclu- 
sive blood vessel localization of the phage*. The endothelium is a 
lik e ly_»and the tumor cells an unlikely — target for the RGD-4C 
phage (and targeting using phage-displayed peptides in general) 
The large size of the phage (900 nm in length) makes it unlikely that 
the phage would exit the circulation and penetrate into tissues", 
particularly within the few minutes we allowed the phage to circu- 
late, Moreover, the vasculature is a likely common denominator for 
the three tumors we targeted with the RGD-4C phage, because the 
tumors came from two different species (murine and human) and 
represented two distinct tumor types (melanoma and carcinoma). 
As blood vessels in tumors are known to be "leaky"' 4 -", it may be 
that in vivo screening will also yield phage capable of binding to 
receptor molecules in the parenchyma of tumors. 

RGD peptides are generally accepted as probes for integrin 
functions in vitro and in vivo Moreover, drugs are being devel- 
oped based on peptides and their mimetics that specifically block 
individual integrins 21 . Blocking ligand binding by the av03 (or 
av(35) integrin with RGD peptides or antibodies shows promise as 
an antiangiogenic therapy. Such treatment causes apoptosis in 
those endothelial cells that are in the process of forming new blood 
vessels, while not harming established blood vessels 14 -' 1 . These 
results imply that av integrin(s), while accessible to soluble pep- 
tides and antibodies in neovasculature, are engaged in endothelial 
cell interactions with the underlying extracellular matrix. 
However, in agreement with immunohistochemical studies show- 
ing avp3 on the apical surface of blood vessels", our results show 
that sufficient amounts of these integrins are accessible to a partic- 
ulate ligand from the circulation, and that the available integrin is 
concentrated in tumor vasculature 

The experimental paradigm in which RGD-C-phage was 
allowed to circulate for 24 h parallels an actual drug targeting into 
a tumor in a clinical setting Under these conditions the tumor 
contained substantial phage staining, whereas less than 10% of the 
injected phage was left in the circulation, and all normal tissues 
examined, except the RES, were devoid of phage staining. The 
breast carcinoma cells used in these experiments express the av(S3 
integrin as do many human tumors", and binding of the phage to 
the tumor cells may have contributed to the staining outside the 
blood vessels in the 24-h experiments. These results suggest that it 
may be possible to use av-directed reagents, either peptides or 
antibodies, to carry drugs, radionuclides, genes, and other thera- 
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peutic substances and devices into tumor vasculature, and from 
there, into tumor parenchyma. Peptides may have advantages in 
this regard, because they are smaller, more likely to diffuse effi- 
ciently within the tumor, and less likely to be immunogenic 

Experimental protocol : 

Animals. Female 2-month , old nude mice (Harlan Spraguc Dawlcy, 
San Diego, CA) were used in this study The animals were cared for according 
to the Institute's animal facility guidelines Avertin (0 015 ml/g) was used as 
anesthetic 

Cell lines and tumors. The human tumor cells used in this study were; 
human MDA-MB-435 breast carcinoma 1 *, murine D16BI5b melanoma", 
and C8161 human melanoma" Cells were cultured in OMEM, 10% FCS 
(Irvine Scientific, Irvine, CA) with sodium pyruvate, L-glutamine, and 
penicillin/streptomycin (Gibco BIU, Bethesda, MD) Culture medium was 
changed 12 h before the cells were injected into mice. Cells were detached from 
monolayers at 80% confluence with PBS containing 2 5 mM EDTA, washed 
three times with DMEM, counted, and resuspended in DMEM Tumor cells 
were injected in the mammary fat pad (10* per site); tumor growth was moni- 
tored daily. Between 20 to 40 days postinfection, when the tumors were 0 4 to 
1 5 cm in diameter, animals bearing tumors of similar sizes were selected and 
used for targeting experiments and histological analysis. 

Tumor targeting. Phage (10' transducing units) were injected intravenously 
into mice carrying tumors, and the phage that had accumulated in the tumor 
and in various tissues were quantitated as described', with minor modifica- 
tions In brief, 2 to 4 min after the injection, the mice were snap frozen in liquid 
nitrogen while under deep anesthesia . To recover the bound phage, the car- 
casses were partially thawed at room temperature, and organs and tumors were 
removed, weighed, and ground in 1 ml of DMEM-PI (DMEM containing the 
protease inhibitors phenyl methyl sulphonyl fluoride (1 mM), aprotinin (20 
u.g/ml), and leupeptin (1 u.g/ml) Tissue and tumor samples were washed three 
times with ice-cold DMEM-PI containing 1% BSA and incubated with 1 ml of 
competent K91-kan bacteria for 20 min at room temperature Ten milliliters of 
NZY medium containing 0 2 u.g/ml tetracycline were added, the mixture was 
incubated at room temperature for 20 min, and 5 to 50 jjl! aliquots diluted in 
100 u.1 of TBS/ 1 % gelarin were plated in agar plates in the presence of 40 u.g/ml 
of tetracycline. After 12 h, the colonies were counted. In peptide inhibition 
experiments, phage were coinjected with 500 u.g of ACDCRGDCFCG or 
GRGESP The peptides, ACDCRGDCFCG and GRGESP, were synthesized by 
Immunodynamics Inc (San Diego, CA) and purified to homogeneity by 
HPLC The ACDCRGDCFCG peptide (RGD-4C) is a cyclic peptide that repro- 
duces the sequence of the insert in a phage isolated from a peptide-display 
library and includes two amino acids from the phage sequence as flanking exo- 
cyclic residues at each end" As the present experiments were carried out in 
mice, we confirmed that the RGD-4C peptide binds specifically to ctv integrins 
in mouse endothelial cells (Bend 3)" by showing that the attachment of these 
cells to vitronectin (an ocv integrin function) could be inhibited without affect- 
ing their attachment to fibronectin or laminin, which are pi integrin functions 
(results not shown). Control experiments also showed that none of the 
peptides used in this work affected die ability of the phage to infect bacteria. 
The selectivity of the RGD-4C towards tumors was calculated based on 
multiple parameters; (1) the overall number of RGD-4C phage recovered from 
the tumors, brain, and kidney; (2) the background counts found in tumors, 
brain, and kidney for unselected phage mixtures (which is high in brain and 
kidney); and (3) the lower background of the RGD-4C phage in the control 
organs A mixture of phage was used as a control in most of the experiments to 
eliminate the bias that the use of a single control phage might introduce in an 
experiment We have, however, also used individual phage as controls. 

Immunohistochemica] staining of phage in tumor blood vessels. Tissue 
sections were prepared from mice injected with phage as described above; 
the anesthetized mice were then perfused through the heart with DMEM 
In some experiments, the phage were allowed to circulate for 24 h The 
organs and tumors were fixed in Bouin's solution; an antibody against 
M13 (Pharmacia, Piscataway, 'NJ) was used for the staining, followed by 
a peroxidasc-conjugated secondary antibody (Sigma, St Louis, MO), as 
described 4 Tumor sections were also stained with a rabbit polyclonal anti- 
body against avP3". 

Acknowledgments 

We thank Wadih Arap, Eva Engvall, and Kathryn Ely for comments on (he man- 
uscript, the Institute's Animal Facility staff for their assistance, and Garth 



Nicolson (University of Texas, M D Anderson Cancer Center) for the B16B15b 
melanoma cell line This work was supported by grants CA 28896 and Cancer 
Center Support Grant CA 30199 from the National Cancer Institute EK is sup- 
ported by the Academy of Finland; RP was supported by the Arthritis 
Foundation and the Susan G Komen Breast Cancer Foundation 



1 Paull, B.U.. Augustin-Voss. H G , El-Sabban, ME, Johnson, R C , and Hammer, 
OA 1990 Organ-preference of metastasis The role of endothelial cell adhesion 
molecules. Cancer Metastasis Rev. 9:175-189. 

2 Zetter, B.R. 1990 The cellular basis of site-specific tumor metastasis. N Engl J 
Med- 322:605-612. 

3 Springer, T.A 1994 Traffic signals for lymphocyte recirculation and leukocyte 
emigration: the mulllstep paradigm . Cell 76:301 -31 4 

4 Butcher. E.C. and Picker, LJ 1996 Lymphocyte homing and homeostasis 
Science 272:60-66, 

5 Goetz, O.J , a-Sabban, M E , Hammer, D A . and Pauli. B U 1996. Lu-ECAM-i- 
mediated adhesion of melanoma cells to endothelium under conditions of flow 
Int J. Cancer 65:192-199 

6 PasquaJInl. R and Ruosiahtl, E. 1996. Organ targeting In vivo using phage display 
peptide libraries Nature 380:364-366 

7 Baillle, C T. Winslet, M.C.. and Bradley, N.J 1995 Tumour vasculature— a poten- 
tial therapeutic target Be J. Cancer 72:257-267 

8 Burrows, F.J and Thorpe, RE 1994 Vascular targeting— a new approach to the 
therapy of solid tumors Pharmacol Then 64:155-174 

9 Buckle. R 1994 Vascular targeting and the Inhibition of angiogenesis Ann 
Oncol. 4(suppl.):45-50 

10. Mustonen, T. and Atitalo. K. 1995. Endothelial receptor tyrosine kinases involved 
In angiogenesis. J. Cell Biol 129:895-898 

11 Lapp!, D.A. 1995 Tumor targeting through fibrobfast growth factor receptors 
Semln. Cancer Biol 6:279-288 

12 Martiny-Baron, G and Marme, D 1995 VEGF-medlated tumor angiogenesis: 
a new target for cancer therapy Curr. Opln Biotechnot 6:675-680 

13 Rettlg, WJ , Garin-Chesa, P., Healey. J H , Su, S L. Jaffa, E A , and Old, t J 
1 992 . Identification of endosialin. a cell surface glycoprotein of vascular endo- 
thelial cells In human cancer. Proc. NalL Acad. Sci USA 89:1 0832-1 0B36 

14 Brooks. PC , Clark R A , and Cheresh, D.A. 1994 Requirement of vascular Inte- 
grin av63 for angiogenesis. Science 264:569-571 

15 Friedlander, M, Brooks, P.C., Sharffer, R.W, Kincald, CM, Varner, J A, and 
Cheresh, DA 1995. Definition of two angiogenic pathways by distinct av inte- 
grins. Science 270:1500-1502. 

16 Brooks. P.C , Montgomery. A M , Rosenfeld, M , Reisfeld, R A , Hu. T, Kller, G , 
et al 1994 Integrin avD3 antagonists promote tumor regression by inducing 
apoptosls of angiogenic blood vessels Cell 79:1 157-1 164 

17 Brooks, P.C , Stromblad S., Klemie R , Vlsscher D , Sarkar F.H . and Cheresh. 
DA 1995 Antl-integrin avfl3 blocks human breast cancer growth and angiogen- 
esis In human skin J Clin. Invest 96:1815-1822 

18 Hammes, H -R, Brownlee, M , Joonczyk, A. Sutter, A. and Pretssner, K I 1996 
Subcutaneous Injection of a cyclic peptide antagonist of vitronectin receptor-type 
Integrins Inhibits retinal neovascularization Nature. Med 5:529-533. 

19. Conforti. G., Oominguew- Jimenez, C , Zanetti. A , Gimbrone, M A , Cremona. O , 
Marchlslo, RC , et al. 1992 Human endothelial cells express integrin receptors 
on the luminal aspect of their membrane. Blood 80:437-446 

20. Smith, G R and Scott, J K 1993 Libraries of peptides and proteins displayed In 
filamentous phage Methods Enzymot 21:228-257 

21 Ruosiahtl, E 1996 RGD and other recognition sequences for Integrins Annu 
Rev. Cell Dev. 8/0/ 12:697-715 

22 Kolvunen, E , Wang, B . and Ruosiahtl, E 1995..Phage libraries displaying cyclic 
peptides with different ring sizes: ligand specificities of the RGD-dlrected inte- 
grins Bio/Technology 13:265-270 

23 Geter, M R , Trigg, M E , and Merril, C.R. 1973. Fate of bacteriophage lambda In 
non-Immune germ-free mice Nature 246:221-223 

24 Shockley, T.R , Un, K , Nagy. JA , Tompkins, R G . Dvorak. H R, and Yarmusfi. 
ML 1991 . Penetration of tumor tissue by antibodies and other Immuno proteins 
Ann. N Y. Acad. Sci 618:367-382 

25 Dvorak, H F, Nagy, J A. and Dvorak, A M 1991 Structure of solid tumors and 
their vasculature: implications for therapy with monoclonal antibodies Cancer 
Ce//s 3:77-85 

26 Folkman. J. 1995 Angiogenesis in cancer, vascular, rheumatoid and other 
disease Nature Med. 1:27-31 

27. Hanahan. D. and Folkman, J 1996 Patterns and emerging mechanisms of the 
angiogenic switch during lumorigenesis. Cell 86:353-364 

28 Rak, J W, St. Croix, B D . and Kerbel, R S 1995 Consequences of angiogene- 
sis for tumor progression, metastasis and cancer Anticancer Drugs 6:3-18 

29 Price, J E , Polyzos, A . Zhang, R D , and Daniels, L M 1990 Tumorigeniclty and 
metastasis of human breast carcinoma cell lines in nudB mice Cancer Res 
50:717-721. 

30 Nicolson. GL, Inoue. T, Van Pelt. CS, and Cavanaugh, P.G. 1990 
Differentia! expression of a Mr approximately 90,000 cell surface transfer- 
rin receptor-related glycoprotein on murine B16 metastatic melanoma sub- 
lines selected for enhanced brain or ovary colonization Cancer Res 
50:515-520 

31 Welch, O R , Blsl, J E , Miller, B E . Conaway, D , Seftor, E A . Yohem, K.K. et al 
1991 Characterization of a highly Invasive and spontaneously metastatic human 
malignant melanoma cell line. Int J. Cancer 47:227-237. 

32 Mdntesano. R„ Pepper, MS, Mohle-Stelnleln. U, Rlsau, W., Wagner. EF, 
and Orel. L 1990 increased proteolytic activity Is responsible for the aberrant 
morphogenetlc behavior of endothelial cells expressing the middle T oncogene 
Cell 62:435-445 



546 



NATURE BIOTECHNOLOGY VOLUME 15 JUNE 1997 



Cancer Gene Therapy (2004), 1-10 w-^ 
© 2004 Nature Publishing Group All rights reserved 0929-1903/04 $30.00 TO 



www.nature.com/cgt 



Systemic administration of attenuated Salmonella choleraesuis 
carrying thrombospondin-1 gene leads to tumor-specific 
transgene expression, delayed tumor growth and prolonged 
survival in the murine melanoma model 
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Some anaerobic and facultative anaerobic bacteria have been used experimentally as anticancer agents because of their selective 
growth in the hypoxia regions of solid tumors after systemic administration. We have previously shown the feasibility of using 
attenuated Salmonella choleraesuis as a gene delivery vector. In this study, we exploited 5. choleraesuis carrying thrombospondin-1 
(TSP-1) gene for treating primary melanoma and experimental pulmonary metastasis in the syngeneic murine B16F10 melanoma 
model. Systemic administration of S. choleraesuis allowed targeted gene delivery to tumors. The bacteria accumulated 
preferentially in tumors over livers and spleens at ratios ranging from 1000:1 to 10,000:1. The level of transgene expression via S. 
cho/eraesu/s-mediated gene transfer in tumors could reach more than 1 800-fold higher than in livers and spleens. Notably, bacterial 
accumulation was also observed in the lungs with metastatic nodules, but not in healthy lungs. When administered into mice 
bearing subcutaneous or pulmonary metastatic melanomas, 5. choleraesuis carrying TSP-1 gene significantly inhibited tumor 
growth and enhanced survival of the mice. Immunohistochemical studies in the tumors from these mice displayed decreased 
intratumoral microvessel density. Taken together, these findings suggest that TSP-1 gene therapy delivered by S. choleraesuis may 
be effective for the treatment of primary as well as metastatic melanomas. 

Cancer Gene Therapy advance online publication, 1 7 September 2004; doi:10.1038/sj.cgt.7700777 
Keywords: Salmonella choleraesuis; thrombospondin-1; tumor-targeted; antiangiogenesis 



The use of preferentially replicating bacteria as an 
oncolytic agent is one of the innovative approaches 
for the treatment of cancer. This is based on the 
observation that some obligate or facultative anaerobic 
bacteria are capable of multiplying selectively in tumors 
and inhibiting their growth. 1 " 3 Genetically modified, 
nonpathogenic bacteria have been tested as potential 
antitumor agents, either to provide direct tumoricidal 
effects or to deliver tumoricidal molecules. Apart from 
obligate anaerobes that target hypoxic/necrotic areas of 
solid tumors, 4 " 8 Salmonella typhimurium, a facultative 
anaerobe capable of growing under both aerobic and 
anaerobic conditions, has also been exploited as a 
potential oncolytic agent. 1,9 In addition, these tumor- 
targeted bacteria can be used to deliver genes encoding 
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prodrug-con verting enzymes, 5,10 angiogenic inhibitors, 8 
or cytokines, 11 aiming to enhance bacteriolytic effects. 

A hypoxic microenvironment is characteristic of many 
solid tumors. Hypoxia is also associated with a more 
malignant phenotype, affecting genomic stability, apop- 
tosis, angiogenesis, and metastasis. 12 Induction of angio- 
genesis plays an important role in the development and 
progression of most human tumors, including melano- 
ma. 3 Currently available therapies for malignant mela- 
noma produce low response rates in patients. Therefore, 
more effective treatment modalities are needed. Thera- 
peutic targeting of angiogenesis has recently been 
explored to inhibit malignant melanoma growth and 
metastasis. 14 Thrombospondin-1 (TSP-1), an endogenous 
angiogenic inhibitor, has been shown to inhibit melanoma 
growth and metastasis in the B16F10 melanoma mod- 

d 15,16 

As hypoxia is a common characteristic of human 
tumors, which adversely affects the prognosis of cancer 
patients, targeting hypoxia may be an effective means of 
improving cancer treatment. We have used a vaccine 
strain of Salmonella choleraesuis as a live vector for 
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carrying DNA vaccines. 17 Recently, we have demon- 
strated its tumor-targeted potential in various primary 
tumor models. 18 In this study, we exploited S. choleraesuis 
carrying a eukaryotic expression vector encoding TSP-1 
as a tumor-targeted anticancer agent for primary and 
metastatic tumors of B16F10 melanoma, a highly 
aggressive and poorly immunogenic murine tumor. Our 
results suggest that by the dual effect of tumoricidal and 
antiangiogenic activities, S. choleraesuis carrying TSP-1 
gene may have therapeutic potential for the treatment of 
primary as well as metastatic melanomas. 



Materials and methods 

Plasmids and bacteria 

The TSP-1 expression vector pTCYTSP-1, under the 
control of the rat /?-actin promoter, was constructed by 
cloning the 3.7-kb cDNA fragment of mouse TSP-1 into 
the HindmjSmal sites of pTCY. 17 The coding region of 
luciferase was excised from the plasmid pGL3 (Promega, 
Madison, WI) by digestion with Hindlll and Xbal, and 
cloned into the Hindlll/Xbal sites of pTCY to generate 
pTCYLuc. Attenuated S. choleraesuis, which was used 
previously as an oral DNA vaccine vector, 17 was 
transformed individually with pTCY, pTCYLacZ, 17 
pTCYLuc, and pTCYTSP-1 by electroporation, resulting 
in S.C./VO carrying the empty vector, S.C./LacZ encod- 
ing /?-galactosidase (/?-gal), S.C./Luc encoding luciferase, 
and S.C./TSP-l encoding TSP-1, respectively. 

Cell lines and mice 

Murine B16F10 melanoma and human A549 lung 
adenocarcinoma cells were cultured in Dulbecco's mod- 
ified Eagle's medium (DMEM) supplemented with 50 ngj 
ml gentamicin, 2mM L-glutamine, and 10% heat-inacti- 
vated fetal bovine serum (FBS) at 37°C in 5% C0 2 . 
Human HMEC-1 microvascular endothelial cells 19 were 
cultured in EGM endothelial growth medium containing 
30mg/ml bovine brain extract, lOng/ml human EGF, 
1/ig/ml hydrocortisone, 2% FBS, 50/ig/ml gentamicin, 
and amphotericin B (Cambrex, East Rutherford, NJ). 
B16F10 cells cultured in- six-well plates were transfected 
with 2 jig of pTCYLacZ, and clonal derivatives were 
isolated by G418 (400/xg/ml) selection and expanded to 
independent B16F10-LacZ clones. Male C57BL/6 mice 
(6-8 weeks old) were obtained from the Laboratory 
Animal Center of the National Cheng Kung University. 
The animals were maintained in specific pathogen-free 
animal care facility under isothermal conditions with 
regular photoperiods. The experimental protocol adhered 
to the rules of the Animal Protection Act of Taiwan and 
was approved by the Laboratory Animal Care and Use 
Committee of the National Cheng Kung University. 

Assay of tumor targeting and gene transfer in vivo 

B16F10 cells (10 6 ) were inoculated subcutaneously (s.c.) 
into the flank of C57BL/6 mice at day 0. At day 8, when 
tumor nodules ranging from 50 to 100 mm 3 developed, the 



mice were injected intraperitoneally (i.p.) with 2 x 10 6 
colony-forming units (CFU) of S.C./Luc. At various time 
points after bacterial inoculation, groups of 7-8 mice were 
killed, and their tumors, livers, spleens, and whole blood 
were collected, weighed, and homogenized in 2 ml ice- 
cold, sterile PBS. Bacterial counts were performed after 
plating these homogenates or blood onto LB agar plate 
containing kanamycin (50/ig/ml). Alternatively, tissue 
homogenates were lysed and examined for luciferase 
activities by a luciferase assay kit (Tropix, Bedford, MA) 
using a luminometer. The protein content in each sample 
was determined by the bicinchoninic acid (BCA) protein 
assay (Pierce, Rockford, IL). The final firefly luciferase 
activity is expressed in relative light units per microgram 
protein. In the experimental murine model for pulmonary 
metastatic melanoma, eight mice were injected with 
B16F10 cells (5 x 10 4 ) via the tail vein at day 0. At day 
15, these mice were inoculated i.p. with S.C./LacZ 
(2 x 10 6 CFU) or PBS, and their lungs, livers, and spleens 
were collected at day 20 for quantification of S.C./LacZ 
numbers. Some of the lungs were snap frozen for 
determination of /?-gal expression. Cryostat sections 
(4 jim) were prepared, incubated with X-gal solution 
containing 100 mM K 3 Fe(CN) 6 , 100 mM K 4 Fe(CN) 6 , 1 M 
MgCl 2 , and 1 mg/ml X-gal for 24 h, and then counter- 
stained with eosin. 

Assay of endothelial cell proliferation 

A549 cells that have been seeded in 6-well plates at 10 5 
cells/well and cultured overnight were infected with 
2x 10 6 CFU of S.C./TSP-l or S.C/VO, or were mock- 
infected in antibiotic-free medium for 8 hours. The 
bacteria-containing medium was then removed, and the 
cells were carefully washed with PBS followed by 
replenishment with fresh DMEM supplemented with 
2% FBS and 50jug/ml gentamicin. After 48 hours, the 
conditioned medium was collected, filtered through a 
0.22-^m filter, and analyzed for its activity to inhibit 
endothelial cell proliferation. HMEC-1 cells were seeded 
in hexaplicate at 2x 10 3 cells/well in 96- well plates and 
cultured overnight. The medium was replaced with 50 /d 
of EGM medium and 50 jd of A549 conditioned medium. 
After 48 hours, cell proliferation was assessed by the 
colorimetric WST-1 assay according to the manufac- 
turer's instructions. 

Immunohistochemistry 

A549 cells that had been infected with S.C./VO or S.C/ 
TSP-1, or mock-infected as described above were fixed in 
3.7% formaldehyde, treated with cold acetone, and 
quenched in 3.7% H 2 0 2 for detection of TSP-1 expression 
by immunohistochemical staining using goat anti-mouse 
TSP-1 antibody (C-20, Santa Cruz, Santa Cruz, CA). To 
analyze microvessel density in tumors, groups of eight 
mice that had been inoculated s.c. with 10 6 of B16F10 
cells at day 0 were injected i.p. with 2 x 10 6 CFU of S.C./ 
TSP-1 or S.C./VO, or with PBS at day 8, and the tumors 
were excised and snap frozen at day 15. Cryostat sections 
(4^m) were prepared, fixed, and incubated with rabbit 
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antibody against factor VHI-related antigen (DAKO, 
Carpinteria, CA). After sequential incubation with 
appropriate peroxidase-labeled secondary antibody and 
aminoethyl carbazole (AEC) as substrate chromogen, the 
slides were counterstained with hematoxylin. Vessel 
density was determined by averaging the number of 
vessels in three areas of highest vessel density at x 400 
magnification in each section. 20 

Treatment of primary melanoma and experimental 
pulmonary metastasis with S. choleraesuis carrying 
TSP-1 gene 

In the primary melanoma model, groups of 7-8 C57BL/6 
mice that had been inoculated s.c. with B16F10 cells (10 6 ) 
at day 0 were injected i.p. with 2 x 10 6 CFU of S.C./TSP-l 
or S.C./VO, or with PBS at day 8. Palpable tumors were 
measured every 3 days in two perpendicular axes with a 
tissue caliper and the tumor volume was calculated as: 
(length of tumor) x (width of tumor) 2 x 0.45. The mean 
tumor volumes were calculated while all of the mice were 
still alive. The survival of the mice was also recorded 
daily. 

In the experimental metastatic model, groups of 7-8 
C57BL/6 mice that had been injected with B16F10 cells 
(5 x 10 4 ) via the tail vein at day 0 were injected i.p. with 
2x 10 6 CFU of S.C./TSP-l or S.C./VO, or with PBS at 
day 15. The survival of the mice was monitored daily. To 
enhance the ability to quantify tumor burden in the lungs, 
pulmonary metastasis was also induced using B16F10- 
LacZ cells for evaluating the antimetastatic effect of S.C./ 
TSP-1. The wet lung weight and /?-gal activity of the lungs 
from these mice were measure at day 20. Lung homo- 
genates were lysed and examined for j3-gal activities by the 
/?-gal assay kit (Tropix, Bedford, MA). 

Statistical analysis 

Tumor volumes were compared at a given time point 
using the unpaired, two-tailed Student's Mest. The 
survival analysis was performed using the Kaplan-Meier 
survival curve and log-rank test. Any P-value less than .05 
is regarded as statistically significant. 
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Figure 1 Preferential accumulation of S. choleraesuis and expres- 
sion of luciferase in the tumors of mice administered systemically 
with S.C/Luc. C57BL/6 mice bearing subcutaneous B16F10 tumors 
of 50 to 100 mm 3 received 2 x 10 6 CFU of S.C/Luc. (a) The amounts 
of accumulated S.C/Luc in the tumors, livers, and spleens were 
determined at 1, 4, 7, and 12 days postinfection. Each value 
represents mean±SD (n = 7-8). (b) Luciferase activities in the 
tumors, livers, and spleens were determined at 1, 4, 7, and 12 days 
postinfection. Each column shows relative luciferase activity 
(mean±SD, n=7-Q) to that for liver at day 12. 



Results 

Preferential accumulation ofS. choleraesuis and 

expression of transgene in melanomas via 

S. choleraesuis-mecf/atec/ luciferase gene transfer 

We monitored the kinetics of bacterial distribution in 
B16F10 tumor-bearing mice after injection with 
2 x 10 6 CFU of S.C/Luc (Fig la). The bacterial amount 
was much higher in tumors than in livers and spleens at all 
the time points examined- Their amounts in the tumors 
reached a peak level at days 4-7 after bacterial inocula- 
tion, which were approximately three to four orders of 
magnitude higher than that found in livers or spleens. At 
day 12, a considerable amount of S.C/Luc was still found 
in the tumors, whereas S.C/Luc was detected to a much 
lesser extent in the spleens or livers. On the contrary, as 



early as day 7, S.C/Luc was undetectable in the blood 
from all the mice tested (data not shown). After systemic 
administration of S.C/Luc to melanoma-bearing mice, 
luciferase activities over time were determined. As shown 
in Figure lb, luciferase activity was detected for at least 12 
days in the tumors but negligible in the livers and spleens 
from melanoma-bearing mice. At the peak at day 4, 
luciferase activity in the tumors was increased 1860-fold 
compared with that in the spleens, the next highest organ 
(P= .016). At day 12, luciferase activity in the tumor was 
still 33-fold higher than that in normal organs. Taken 
together, these results show that S.C/Luc, when injected 
i.p. to mice bearing established melanoma, preferentially 
accumulated and retained in large amounts in the tumors 
for at least 12 days, where luciferase expression, although 
gradually declined after day 4, persisted for at least 12 
days. 
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Expression of bioactive TSP- 1 in tumor cells 
via S. choleraesuis-metV/afec/ gene transfer 

To test the feasibility of exploiting S. choleraesuis carrying 
TSP-1 gene for delivery and expression of the TSP-1 gene 
in tumor cells, S.C/TSP- 1 -and S.C/VO-infected A549 
cells, as well as mock-infected cells were examined for 
TSP-1 expression. TSP-1 expression was clearly detectable 
in S.C/TSP- 1 -infected cells, but not in S.C./VO- or mock- 
infected counterparts (Fig 2a). The conditioned media of 
A549 cells infected with the bacteria were tested for their 
ability to inhibit endothelial cell proliferation in vitro. As 
shown in Figure 2b, the proliferation of HMEC-1 cells 
was significantly decreased upon addition of the condi- 
tioned medium from S.C/TSP- 1 -infected A549 cells 
compared with that from S.C/VO-infected 
(P=. 0000009) or mock-infected cells (P = .0000003). 
Nevertheless, the conditioned medium from S.C/VO- 
infected A549 cells also slightly inhibited the proliferation 
of HMEC-1 cells as compared with that from the control 
cells (P = .0153). Collectively, these results indicate that 5. 
choleraesuis-medmtcd gene transfer of TSP-1 gene al- 
lowed production of biologically active TSP-1 released 
from the infected cells. 



Inhibition of subcutaneous melanoma growth 
byS. choleraesuis carrying TSP-1 gene 

The in vivo antitumor effect of S.C/TSP- 1 was evaluated 
in terms of tumor growth and survival in mice bearing 
subcutaneous B16F10 melanoma. Figure 3a shows that 
melanoma-bearing mice treated i.p. with S.C/TSP- 1 at 
day 8 resulted in significant retardation of the tumor 
growth compared with those treated with S.C/VO 
(P=.0438) or PBS (P = .0012) at day 17 after tumor 
inoculation. The mean tumor volume in S.C./TSP-l- 
treated group was lowered by 45 and 61% compared with 
that in S.C/VO-treated and PBS-treated groups, respec- 
tively. Furthermore, as shown in Figure 3b, S.C/TSP- 1 
administration significantly prolonged the survival time 
of mice bearing subcutaneous melanoma compared with 
S.C./VO (P= .0286) or PBS (P= mil) treatment. Taken 
together, a single systemic administration of S. choler- 
aesuis carrying TSP-1 gene was effective in retarding 
tumor growth and enhancing survival in mice bearing 
subcutaneous melanoma. 



Inhibition of tumor angiogenesis by S. choleraesuis 
carrying TSP-1 gene 

At 7 days after systemic treatment of mice bearing day 8 
subcutaneous melanoma with S.C/TSP- 1, S.C/VO, or 
PBS, microvessel density within the tumors was analyzed 
by immunohistochemistry. Tumors from S.C/TSP- 1- 
treated mice appeared much less vascularized than their 
S.C/VO- or PBS-treafed counterparts, whereas no 
difference was found between S.C/VO- and PBS-treated 
groups (Fig 4a). As shown in Figure 4b, the number 
of factor VHI-positive intratumoral microvessels in 
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Figure 2 Expression of bioactive TSP-1 in A549 cells via S. 
c/7o/eraesLtfs-mediated gene transfer, (a) Detection of TSP-1 
expression in A549 cells treated with S.C/TSP-1. A549 cells were 
infected with 2x10 6 CFU of S.C/TSP-1 or S.C/VO, or mock- 
infected for 8 hours, replenished with gentamicin-containing fresh 
medium, and further cultured for 48 hours. Expression of TSP-1 by 
the cells was detected by immunohistochemical staining with goat 
anti-mouse TSP-1 antibody. Arrows indicate the location of TSP-1 - 
expressing cells, (b) Inhibition of endothelial cell proliferation by the 
conditioned medium from S.C/TSP-1 -infected A549 cells. The 48- 
hour conditioned medium derived from A549 cells treated with S.CV 
TSP-1, S.C./VO, or PBS was diluted in EGM medium at 1:1 and 
used to treat HMEC-1 cells for 48 hours. Cell viability was then 
assessed by the WST-1 assay. The percentage of surviving cells 
(mean±SD, n = S) was calculated by comparing surviving cells of 
the conditioned medium-treated cells to PBS-treated cells. *P<.05; 
***P<.001. 
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Figure 3 Antitumor effects of S. choleraesuis carrying TSP-1 gene on 
mice bearing subcutaneous melanoma. C57BL/6 mice that had been 
inoculated s.c. with B16F10 cells (10 6 ) at day 0 were injected i.p. with 
2x 10 6 CFU of S.C./TSP-1 or S.C./VO, or with PBS at day 8. (a) 
Tumor volumes (mean + SEM, n = 7-8) among different treatment 
groups were compared at day 17; *P< .05; **P< .01 . (b) Kaplan-Meier 
survival curves of melanoma-bearing mice with various treatments are 
shown (P<.05 for S.C ./TSP-1 versus S.C./VO or PBS). 

S.C./TSP-l -treated mice was reduced by approximately 
50% compared with that in mice treated with S.C./VO 
(/>=.0219)orPBS(i>=.0113). 

Accumulation ofS. choleraesuis and expression 
of exogenous $-gal in the lung bearing metastatic 
melanoma after systemic administration of 
S. choleraesuis carrying LacZ gene 

To test whether S. choleraesuis was capable of targeting to 
metastatic pulmonary nodules, and hence may have 
therapeutic potential for inhibiting metastasis, mice 
bearing pulmonary metastatic melanoma (n = S) and 
normal healthy mice (k = 8) were inoculated i.p. with 
S.C./LacZ, and the amounts of S.C./LacZ in the lungs, 
livers, and spleens were determined, and /?-gal expression 
in the lungs were assessed 5 days after bacterial 
inoculation. As shown in Figure 5a, although there was 
no significant difference in the amount of S.C./LacZ in 
the livers or spleens, where no tumors were found, 
between melanoma-bearing and normal healthy mice, 
the bacterial numbers per gram tissue in the lungs with 
metastatic melanoma were much higher than those in the 
lungs from normal healthy mice (P= .0000002). Further- 
more, /?-gal expression was detected in the pulmonary 
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Figure 4 (a) Inhibition of angiogenesis in B16F10 melanomas by S. 
choleraesuis carrying TSP-1 gene. C57BL/6 mice that had been 
inoculated s.c. with 10 6 of B16F10 cells at day 0 were injected i.p. 
with 2 x 10 6 CFU of S.C7TSP-1 or S.C./VO, or with PBS at day 8. 
Tumors were excised at day 15, snap frozen and immunostained 
with rabbit antibody against factor Vlll-related antigen (x400). (b) 
Intratumoral microvessel density was determined by averaging the 
number of vessels in three areas of highest vessel density at x 400 
magnification in each section. Each value represents mean + SEM 
from eight mice. *P<.05. 

metastatic tumors of mice treated with S.C./LacZ, but not 
in those treated with PBS (Fig 5b). Taken together, 
S. choleraesuis not only accumulated in subcutaneous 
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Figure 5 Accumulation of S. choleraesuis and /J-gal expression in 
the lungs with melanoma metastastic nodules via S. choleraesuis- 
mediated LacZ gene transfer... C57BL/6 mice that had been injected 
with B16F10 cells (5 x 10 4 ) vi^ the tail vein at day 0 were inoculated 
i.p. with S.C./LacZ (2 x 10 6 CFU) at day 15. A parallel experiment 
was performed using normal healthy mice inoculated with S.C./LacZ. 

(a) The amounts of S.C/LacZ (mean ± SD, n=8) accumulated in the 
lungs, livers, and spleens from metastatic melanoma-bearing mice 
and normal healthy mice were determined after 5 days. ***P<.001. 

(b) 0-gal expression was detected in the lungs with metastatic 
nodules from tumor-bearing mice treated with S.C/LacZ, but not in 
those treated with PBS. 

melanomas but also in metastatic pulmonary nodules 
after systemic administration, thus providing impetus to 
explore its use for inhibiting metastatic tumor growth. 

Reduced metastastic nodules and prolonged survival 
in mice bearing experimental pulmonary metastatic 
melanoma by systemic delivery ofS. choleraesuis 
carrying TSP-1 gene 

Because inhibition of metastatic tumor growth is still a 
major challenge for melanoma treatment, we next 



investigated whether S.C./TSP-l inhibited established 
pulmonary tumor nodules. As we treated mice with the 
bacteria 15 days after establishment of pulmonary 
nodules and monitored tumor nodules 5 days later, at 
this stage black nodules of various sizes were disseminated 
and overlapping, making the quantification of tumor 
nodules problematic. To facilitate quantification of the 
metastatic tumor burden in the lungs, pulmonary 
metastases were induced by using B16F10-LacZ melano- 
ma cells expressing /J-gal. Mice were injected with 
B16F10-LacZ cells via the tail vein at day 0, treated i.p. 
with S.C./TSP-l, S.C./VO, or PBS at day 15, and killed at 
day 20. A majority of lungs from mice treated with S.C./ 
VO or PBS possessed numerous confluent pulmonary 
nodules, whereas lungs from mice treated with S.C./TSP-l 
exhibited smaller and fewer tumor nodules. To further 
quantify tumor burden, wet lung weights and /?-gal 
activities were measured. Figure 6a shows that the wet 
lung weights from mice treated with S.C./TSP-l were 
decreased by more than 50% compared with those treated 
with S.C./VO (P = .0063) or PBS (P= .0095). When 0-gal 
gene expression in the lungs was quantified, a similar 
pattern was observed. More than 47% reduction in /?-gal 
expression was found in the lungs from S.C./TSP-l - 
treated mice compared with those from S.C./VO-treated 
(/> = .0006) or PBS-treated (i>=. 00008) mice (Fig 6b). 
S.C./TSP-l treatment also prolonged the survival of mice 
with pulmonary metastases as compared with S.C./VO- 
treated OP =.01 57) or PBS-treated (7>=.0070) counter- 
parts (Fig 6c). No significant differences were found in the 
lung weight, /?-gal gene expression, and survival between 
S.C./VO-treated and PBS-treated groups (Figs 6a-c). 
Collectively, these results indicate that intraperitoneal 
delivery of S.C./TSP-l decreased tumor burden in the 
lungs and prolonged survival in mice bearing pulmonary 
metastatic melanoma. 



Discussion 

In the work described here, we show that S. choleraesuis is 
capable of targeting and multiplying in primary and 
metastatic melanomas via systemic administration. S. 
choleraesuis preferentially targets tumors for growth, with 
numbers in tumors far exceeding those in the liver, which 
is the normal site of Salmonella replication in nontumor- 
bearing mice. Moreover, tumor-specific transgene expres- 
sion can be achieved via S. choleraesuis-mediated gene 
transfer. TSP-1 expression in the tumors, which leads to 
decreased intratumoral microvessel density, may contri- 
bute, in part, to the antitumor effect of S. choleraesuis 
carrying TSP-1 gene on melanoma. The propensity of S. 
choleraesuis to target melanoma cells, either primary 
tumors or metastatic nodules, may also contribute to 
inhibiting melanoma growth and metastasis, as well as 
prolonging the survival of melanoma-bearing mice. 
Recently, we have also shown that 5. choleraesuis carrying 
endostatin gene inhibited tumor growth in murine models 
of melanoma, bladder cancer, and hepatoma. 18 Therefore, 



Cancer Gene Therapy 



5. choleraesuis encoding TSP-1 for tumor therapy 
C-H Lee et al 




PBS S.C./VO S.C/TSP-1 
*** 




PBS 



S.C/VO S.C/TSP-1 



100 



75 



50 - 



25 - 



PBS 

S.C./VO 
S.C/TSP-1 



i i I h 



0 2 4 



"1 
30 



620 22 24 26 28 

Days after tumor inoculation 

Figure 6 Antitumor effects of S. choleraesuis carrying TSP-1 gene 
on mice bearing pulmonary metastatic melanoma. Groups of 8 
C57BL/6 mice that had been injected with B16F10-LacZ cells 
(5 x 10 4 ) via the tail vein at day 0 were treated i.p. with 2 x 10 6 CFU 
of S.C/TSP-1 or S.C./VO, or with PBS at day 15. (a) The wet lung 
weight and (b) /?-gal activity of lungs from these mice were measure 
at day 20. Each value represents mean + SD (n = 8). 
**P<.01;***P<.001. (c) Prolongation of survival in mice bearing 
pulmonary metastatic melanoma treated with S. choleraesuis 
carrying TSP-1 gene compared with those treated with S.C7VO or 
PBS. Groups of 7-8 C57BL/6 mice that had been injected with 
B16F10 cells (5 x 10 4 ) via the tail vein at day 0 were treated i.p. with 
2 x 10 6 CFU of S.C/TSP-1 or S.C/VO, or with PBS at day 15. The 
survival time of the mice was recorded. Kaplan-Meier survival 
curves were shown (P<.05 for S.C/TSP-1 versus S.C/VO and 
P<-01 for S.C/TSP-1 versus PBS). 



combining our previous data with those found here, we 
suggest that S. choleraesuis carrying TSP-1 gene or other 
antiangiogenic genes, such as endostatin gene, may be 
further explored as an anticancer agent for primary and 
metastatic melanomas, as well as other solid tumors. 

Salmonella has been exploited to transfer eukaryotic 
expression plasmids to mammalian cells in vitro and in 
vivo. 21 However, bacteria at high multiplicity of infection 
(MOI) may be toxic to mammalian cells. 22,23 In the 
present study, because A549 cells were more resistant to 
S. choleraesuis-induced cytotoxicity than B16F10 cells, 
and thereby less prone to detachment from culture plates 
after bacterial infection, we used them to demonstrate S. 
choleraesuis-mediated gene transfer in vitro. After an 8- 
hour incubation with S. choleraesuis at the initial 
inoculum level of approximately 10 MOIs, most, if not 
all, of the A549 cells remained intact. The cells were then 
carefully washed and refilled with gentamicin-containing 
fresh culture medium in order to kill any residual 
extracellular bacteria. Expression of TSP-1 by S.C./TSP- 
1 -infected cells was observed 48 hours later. We also 
demonstrate that the 48-hour conditioned medium 
collected from the infected cells inhibited the proliferation 
of HMEC-1 endothelial cells, suggesting that TSP-1 
expressed by S.C./TSP-l infected cells was biologically 
active. Nevertheless, the conditioned medium from A549 
cells infected with S. choleraesuis carrying the empty 
vector also slightly inhibited the proliferation of HMEC-1 
cells as compared with that from the control cells. 
Lipopolysaccharide (LPS), which resides in the outer 
membrane of Gram-negative bacteria, has been shown to 
induce apoptosis in endothelial cells. 24 Therefore, the 
Salmonella components, such as LPS, or other unidenti- 
fied factor(s) produced from Salmonella-infected A549 
cells and secreted into the culture medium may also 
inhibit, albeit to a much lesser extent than TSP-1, the 
proliferation of endothelial cells or exert cytotoxic effect 
on endothelial cells. 

In this study, we demonstrate that a single intraper- 
itoneal administration of attenuated S. choleraesuis 
carrying TSP-1 gene into melanoma-bearing mice inhib- 
ited the growth of subcutaneous melanoma and experi- 
mental lung metastasis by more than 40% compared with 
injection of S. choleraesuis carrying the empty vector. 
Furthermore, tumor inhibition was associated with 
approximately 50% reduction in intratumoral microvessel 
numbers. However, complete tumor regression was not 
observed in the treated mice, and they eventually died 
despite significant improvement of survival. The lack of 
complete tumor regression in S.C./TSP-l- treated mice 
may have been attributable, in part, to the rapidly 
progressive nature of B16F10 melanoma. Different 
tumors may respond differently to the same dose of 
angiogenic inhibitors. 25 ' 26 Notably, more-slowly growing 
tumors are more effectively suppressed by the same dose 
of endostatin than fast-growing tumors. 27 To this end, 
Bergers et al 28 showed that various angiogenic inhibitors, 
such as endostatin and angiostatin, have distinct efficacy 
profiles, which depend on the stage of tumor development 
and probably the kinetics of cell growth. On the other 
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hand, in the present study multiple injections of the 
bacteria may be necessary to increase and prolong TSP-1 
production, and hence to increase antitumor activity. 
Alternatively, combination with other therapeutic strate- 
gies, such as chemotherapy and radiotherapy, may be 
further explored. 

Induction of angiogenesis is a critical point in the 
development of melanoma. Transition from the radial to 
vertical growth phase, which is considered to be the 
critical switch in melanoma progression, depends on the 
formation of new capillary. 29,30 In addition, the density of 
microvessels in primary melanomas gradually increases 
along with the simultaneous presence of local and distant 
metastases, indicating that angiogenesis is also crucial in 
the process of melanoma metastasis. 13 Although the 
regulators of angiogenesis biologically relevant for 
melanoma remain unclear, several hypoxia-inducible 
angiogenic factors, such as basic fibroblast growth 
factor, vascular endothelial growth factor, interleukin-8, 
and angiogenin, show enhanced expression in melanoma 
metastases in vivo and in highly metastatic cell 
lines. 12 ' 14 ' 31,32 Therefore, antiangiogenic strategy 
targeting tumor vasculature may hold promise for the 
treatment of primary and metastatic melanomas. Clinical 
trials of antiangiogenic therapy for patients with ad- 
vanced malignant melanoma are currently under investi- 
gation. 14 As malignant melanoma cells secrete a number 
of different proangiogenic factors, a combination of 
different antiangiogenic factors or combination of anti- 
angiogenic therapy with other therapeutic strategies may 
be needed to enhance therapeutic efficacy against 
melanoma. 

Bacteria have been investigated as gene delivery vectors 
over many years. 1 ' 3 They have several desirable attributes 
that make them potentially suitable as gene delivery 
vectors. Furthermore, they can be motile and grow in 
hypoxic areas of tumors. Although replication-selective 
oncolytic viruses represent a promising cancer treatment 
platform, intratumoral spread appears to be a substantial 
hurdle for viral agents. In this regard, live bacteria as 
antitumor agents may hold great promise. As Salmonellae 
survive and replicate in both oxygenated and hypoxic 
conditions, they would be expected to colonize small 
metastatic lesions as well as larger tumors. In this study, 
we demonstrate that S. choleraesuis not only accumulated 
in subcutaneous melanomas but also in metastatic 
pulmonary nodules after systemic administration, result- 
ing in decreasing more than 47% tumor burden in the 
lungs and prolonging survival in mice bearing experi- 
mental lung metastatic melanoma. With regard to growth 
characteristics of bacteria used as anticancer agents, 
Salmonellae have advantages over obligate anaerobes. 
Obligate anaerobic bacteria may only target large, well- 
established tumors, but not small metastatic tumors that 
lack apparent hypoxic regions. In fact, metastatic cancer 
is the major cause of death in most cancers. In many 
patients, microscopic or clinically evident metastasis has 
already occurred by the time the primary tumor is 
diagnosed. As a result, complete treatment of widely 
spread metastases in distant organs by surgery, radiation, 



or chemotherapy is nearly impossible. Effective che- 
motherapeutic treatment, for example, is hindered by 
the fact that metastatic tumors are generally less sensitive 
to chemotherapy when compared with their correspond- 
ing primary tumors. To this end, our results show that S. 
choleraesuis could colonize and transfer therapeutic genes 
not only to primary tumors, but also to small metastatic 
tumors, resulting in inhibiting tumor growth and 
prolonging survival in melanoma-bearing mice. 

Live attenuated S. choleraesuis triggers innate and 
adoptive immune responses in the host. The persistence of 
high levels of Salmonella in tumors may induce inflam- 
matory responses, which may lead to the recruitment of 
immune cells, such as macrophages, neutrophils, and 
lymphocytes to the tumor site. Moreover, LPS, which has 
been shown to induce apoptosis in endothelial cells, may 
contribute, in part, to the antiangiogenic and antitumor 
activities of S.C./TSP-l . 24 Another point of interest is that 
TSP-1 production via S. choleraesuis-mediated gene 
transfer may considerably enhance bacterial accumula- 
tion in tumors. Presumably, vascular collapse may further 
reduce the oxygen tension to induce tumor cell apoptosis, 
as well as enhance S. choleraesuis growth and increase 
immune cell infiltration in the tumor site. Indeed, it has 
been demonstrated that vascular collapsing agents in- 
crease the germination of bacterial spores in tumors. 33 
Dolastatin, a vascular collapsing agent, has been shown 
to enhance the ability of Clostridium novyi spores to lyse 
tumors. 6 

Several activities of TSP-1 may contribute to its 
antitumor effect. These include the activities to inhibit 
angiogenesis, 16 ' 34 ' 35 activate transforming growth factor-/? 
(TGF-/?), 15,36 and regulate extracellular proteases. 3 
Previous reports are consistent with the observation that 
overexpression of TSP-1 in tumor cells decreases the 
capillary density in tumors. Furthermore, B16F10 experi- 
mental tumors grown in TSP-1 -deficient mice display 
increased capillary density. 40 Miao et al 15 have shown 
that the ability of TSP-1 to inhibit B16F10 tumor growth 
appears to be attributed, in part, to the activation of 
TGF-/?. TGF-/? induces apoptosis of several tumor cell 
lines. 15,41 Local injection of TGF-/? around experimental 
A549 human lung carcinomas inhibits tumor growth in 
athymic mice. 42 Furthermore, TSP-1 regulates enzyme 
activity of metalloproteinase (MMP)-2 and MMP-9 by 
inhibiting conversion of the MMP zymogen to the 
activated form. 37 Regulations of MMP activity by TSP- 
1 probably contribute to the antiangiogenic activity of 
TSP-1. Our results obtained here are consistent with 
previous reports showing the antitumor activity of TSP-1 
against primary and metastatic tumors. 

In conclusion, we have demonstrated that tumor- 
targeted TSP-1 gene delivery can be achieved by systemic 
administration of attenuated S. choleraesuis carrying a . 
eukaryotic expression vector encoding murine TSP-1, 
resulting in inhibiting tumor growth and enhancing 
survival in established murine melanoma models, includ- 
ing primary and metastatic tumors. By taking advantages 
of the tumor-targeted and oncolytic effects of Salmonella 
and the antiangiogenic activity of TSP-1, S. choleraesuis 
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carrying TSP-1 gene appears to hold promise for the 
treatment of melanoma or other solid tumors. 
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ABSTRACT 

The display of repertoires of human antibody (Ab) fragments on fila- 
mentous phages and selection by binding of the phage to antigen (Ag) have 
provided a ready means or deriving human Ab against purified Ag. 
However, it lias been more difficult to obtain phage Ab against an indi- 
vidual Ag of a complex mixture, such as cell surface Ag. Using the 
technique of "guided selection," we generated human Ab against the 
high-affinity folate-binding protein (FBP), a cell surface Ag that is over- 
expressed in many human ovarian carcinomas. The guiding Ab template 
was provided by the Hghl chain of mouse monoclonal Ab Movl9 (tf arn 10 8 
M" 1 ) directed against FBP; this was paired with repertoires of human 
heavy chains displayed on phages, and the hybrid Ab fragments were 
selected by binding to an ovarian carcinoma cell line (OVCAR3)* The 
selected human heavy chains were then paired with repertoires of human 
light chains. Further panning led to the isolation of a human Fab frag- 
ment, C4, with a binding affinity of 03, x 10 s M" 1 . This was highly specific 
for FBP, as demonstrated by EL1SA and flow cytometry data and by 
immunoprccipitation of the relevant molecule from the cell surface of 
ovarian carcinoma cells. Moreover, C4 targeted the same or a closely 
related epitope of the Ag, as did the template rodent monoclonal Ab 
Movl9. These results suggest the usefulness of guided selection as a simple 
means to deriving human Ab against cell surface Ag for which a rodent 
Ab is available. 



INTRODUCTION 

The development of monoclonal Abs 4 against tumor-associated 
Ags has generated considerable interest in the potential use of these 
reagents for cancer detection and immunotherapy (1, 2). However, 
clinical assessment of monoclonal Abs has generally yielded disap- 
pointing results, largely because of invariable induction of a human 
ami-mouse immune response thal.enhances the clearance of the mu- 
rine monoclonal Abs from the circulation and blocks their therapeutic 
effects (3). Murine monoclonal Abs are also relatively ineffective as 
cytotoxic agents and in their ability to recruit effector cells or mole- 
cules of the complement system. Thus, recent efforts have focused on 
the construction of human Ab with reduced immunogenicity and 
improved effector functions using genetic engineering techniques. 
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The use of very small Ag-binding fragments, such as Fab or scFv 
fragments, would also be expected to provide reagents with improved 
tumor penetration and better pharmacokinetic properties (4-6). 

Phage display technology has been used to generate human Ab 
from immune and nonimmune sources. In this approach, diverse 
repertoires of Ab fragments derived from the rearranged V genes of 
lymphocytes of human donors (7) or by assembly of human V-gene 
segments in vitro (8, 9) are cloned for display of Ab fragments on the 
surface of filamentous bacteriophage by fusion to the minor phage 
coat protein (pill) (10). Phage-bearing Abs with specific binding 
activities are then isolated by binding to immobilized Ag 

Phage selection is very effective with purified Ag but more difficult 
with complex mixtures of Ags, such as cell surface Ags, which differ 
widely in type and expression levels. Very few phage Abs have been 
derived by selection on cells, and to date only hematopoietic (11,12) 
and melanoma cells have been used successfully In the latter case, an 
immune Ab repertoire was used (13). 

One of the more specific tumor markers previously identified in our 
laboratory (14) is the a isoform of the FBP, a 38- to 40-kDa glycosyl- 
phosphatidyl-inositol-anchored molecule (15-18) that binds folic acid 
with high affinity. Detailed immunohistochemical analysis and eval- 
uation of rnRNA expression indicated that FBP is expressed at very 
low levels on the cell surface of normal epithelial tissues at medium 
levels on kidney, lung, and breast and at high levels on placental 
tissues (14, 19-22); overexpression of FBP has also been detected on 
approximately 90% of ovarian carcinomas (14, 22) in association with 
progression of the disease (l8)*We generated two mouse monoclonal 
Abs, Movl8 and Movl9, directed to nonoverlapping epitopes of FBP 
(14). Based on the encouraging clinical results obtained with murine 
anti-FBP monoclonal Abs (23-25), we sought to generate human 
phage Ab against FBP using the strategy of "guided selection" (26, 
27). This technique is based on chain shuffling originally used to 
increased the affinity of Ab (28) In guided selection, the light or 
heavy chain of a rodent Ab serves as a template for pairing of human 
heavy or light chains, respectively, displayed on filamentous phage. 
Here, we used the light chain of the murine monoclonal Ab Movl9 as 
a guiding template and an ovarian cell line overexpressing FBP for 
selection 

MATERIALS AND METHODS 

Cell Lines and Abs. The following human tumor cell lines were used: 
ovarian carcinomas IGROV1 (29). a gift from Dr J. Benard (Institute Gustave 
Roussy. Vilicjuife, France); OVCAR3, SKOV3, and SW626, provided by the 
American Type Culture Collection (ATCC); OVCA432, kindly provided by 
Dr. R. Knapp (Dana Farber Institute, Boston, MA); mammary carcinomas 
T47D, MCF7, MDA MB 35, MDA MB 361, MDA MB 231, Hs578T, and 
SKBR3 (ATCC); lung carcinomas CALU3 (ATCC) and N592 (kindly pro- 
vided by Dr. J . D Minna; Naval Hospital. Bethesda, MD); epidermoid carci- 
noma A431 (ATCC); and melanoma Mewo (kindly provided by the tale Dr. J 
Fogh; Memorial Sloan-Kettering Cancer Center, New York, NY). The murine 
hybridoma Movl9 (14) was used for rnRNA extraction 

Monoclonal Abs MOV18 (IgGl) and MOV19 (IgG 2n ) directed to FBP (14. 
30) and monoclonal Ab 9EI0 (IgGl) directed to a myc sequence (31) were 
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affinity purified from mouse ascites or hybridoma supernatants on protein 
A-Sepharosc CI-4B (Pharmacia/Biotech). MOV 19 and MOV 1 8 Fab were 
prepared using the Immun-Pure Fab preparation kit (Pierce. Rockford. DL). 

Cloning Monoclonal Ab MQV19 Gene. The V genes of mouse mono- 
clonal Ab MOV 19 were reverse transcribed, amplified, and assembled to 
encode scFv fragments using PCR essentially as described (32) but using the 
RAP AS kit (Pharmacia/Biotech) according to the manufacturer's instructions. 
The assembled scFv was cloned into the phagemid pHENl (10) Functional 
scFv was selected on a monolayer of OVCAR3 cells as described below (see 
"Selection of FBP-binding Clones") FBP-binding clones were sequenced (see 
below) The light chain ( Vk-Ck)' of the same monoclonal Ab was also ampli- 
fied from the mRNA of the hybridoma MOV 19 using the primers MoCK- 
FORNot (5'-CCA GCA TTC TGC GGC CGC CTC ATT CCT GTT GAA 
GCT CTT GAC-3') and VKBACKSfi (5'-CAT GAC CAC GCG GCC CAG 
CCG GCC ATG GCC GAC ATT GAG CTC ACC CAG TCT CCA-3') and 
cloned into pUCl9SNmyc (26), and the sequence was checked against that of 
the MOV 19 scFv This plasmid was termed pUCMOVl9K 

Phage Libraries. Construction of repertoires of human k light (Vk-Ck) and 
A light (VA-CA) and heavy (VH-CHl) chains has been described (26) The 
heavy chain repertoire (VH-CHl) was cloned in the phage vector fdDOG for 
display on the surface of phage fused with pill (fdDOG-VH-Cyl); light chain 
libraries were cloned in the phagemid vector pHENl (pHENCLLib) (26) 

Preparation of Phage Displaying Hybrid Mouse-Human Fab Frag- 
ments, Escherichia coii TGI (33) cells bearing the plasmid pUCMOV19K 
were grown at 37°C with shaking in 10 mi of 2X TY-AMP-GLU broth (100 
jig/ml AMP and 1% GL U) (34) At of 0 5, the culture was infected with 
10 12 tu of fd phage from the human VH-CHl library . After 30 min at 37°C, the 
culture was centrifuged (2500 X g, 10 min), and bacterial cells were resus- 
pended in I ml of 2X TY broth' and plated on a 243 X 243-mm dish (Nunc) 
containing 2x TYE-AMP-TET (100 /zg/rol AMP and 12 5 /xg/ml TET) (34). 
After 18 h of incubation at 30°C, plates were scraped into 5 ml of 2X TY; 30 
/xl of the mixture was inoculated in flasks containing 500 ml of 2 X TY-AMP- 
TET and incubated 16 h for at 30°C with shaking Phages were precipitated 
with polyethylene glycol from the culture supernatant as described (7) and 
resuspended in 5 ml of PBS (yield, -10 12 tu of phage/ml). 

Selection of FBP-binding Clones. The selection was performed on a 
monolayer of OVCAR3 cells in 100-mm Petri dishes OVCAR3 cells were 
incubated in 20 ml of 2% MPBS for 2 h at 37°C, MPBS was removed, and 
-10 lz tu of phage library displaying hybrid Fab fragments in 10 ml of 2% 
MPBS were added. After 1 h of incubation at room temperature with shaking, 
culture dishes were washed five times with 10 ml of PBS and 0 1% Tween 20 
and 10 times with 10 ml of PBS For infection, 10 ml of log phase £ colt 
TGI -bearing plasmid pUCMOVl9K were added directly to the plates and 
incubated for 30 min at 37°C wjthout shaking Bacterial cells were plated in 
243 X 243-mm dishes containing TYE-AMP-TET, and after overnight incu- 
bation at 30°C, colonies were scraped from the plates, and phages were 
prepared as above 

Cloning of the selected human heavy chain into pHENl-VLIib was done as 
described (26) Positive clones were detected by phage EL ISA after four 
rounds of selection 

ELISA. OVCAR3 cells were seeded and grown as monolayers in 96-well 
microliter plates. Cells were fixed with 0 1% glutaraldehyde and saturated for 
2 h with 2% MPBS at 37 C C Individual phage clones displaying heavy and 
light chains were assayed for binding by phage EL ISA performed essentially 
as described (32). except using HRP-conjugated anti-M13 Ab (Pharmacia/ 
Biotech). Phages displaying human Fab fragments or murine scFv were pro- 
duced by superinfection of a single clone with helper phage. Phages displaying 
the hybrid murine-human Fab fragment (murine Vk-Ck-human VH-CHl ) were 
produced as described above All phages were polyethylene glycol precipi- 
tated 

For EL ISA competition, the selected human Fab C4 (final concentration. 5 
fig/ml) was mixed with serial dilutions of purified murine MOV19 Fab or 
MOV 18 Fab in 100 jjlI of 2% MPBS and incubated for 1 h at room temper- 
ature. C4 binding was detected by rabbit anti-human A (DAKO) plus peroxi- 
dase-conjugated anti-rabbit Ab (Amersham) 

Subcloning, Expression, and Purification. To facilitate purification, the 
selected human Fab genes were subcloncd into the expression vector 
pUCl 19SfiI-Afo/lHismyc (35). which results in the addition of a hcxahistidine 
tag at the COOH-terminal end of the Fab gene 



Bacteria containing human Fab fragments in pUCl 19SfiI-/vo/IHismyc were 
inoculated into 2X TY-AMP-GL.U. and the soluble products were induced 
with 1 mw isopropyl /3-D-thiogalactoside as described (36) After induction, 
the culture was incubated for 12 h at 30°C with shaking, and Fab fragments 
were harvested from the periplasm and purified by immobilized metal affinity 
chromatography essentially as described (37). Purity of protein preparations 
was assessed by SDS-PAGE (PHAST System, Pharmacia) and Coomassie 
Blue staining and by HPLC (Scphadex 75, Pharmacia). 

FACS Analysis. Approximately 5 X 10° phage panicles bearing Ab were 
added to about 3 X 10 $ human tumor cells in 100 of PBS and 1% BSA. and 
the mixture was incubated for I h at room temperature Phage binding was 
detected by a 1:5000 dilution of anti-M!3 Ab (Pharmacia/Biotech) for 30 min 
on ice, followed by a 1:1000 dilution of FiTC-conjugalcd ami-sheep Ab 
(Sigma Chemical Co ) for another 30 min 

For each sample, 5000 cells were analyzed with a FACScan (Becton 
Dickinson) using Lysys II software FACS analysis of soluble human Fab 
fragments was performed as above but incubated with 10 /ig/ml mouse 
monoclonal Ab 9E10 followed by FITC-conjugated anti-mouse Ab (Sigma) 

Cell Surface Biotinylation Plasma membrane proteins were surface la- 
beled with N-hydroxysuccinimide-biotin ester using the ECL -protein bioiiny- 
lation module, essentially as described by the manufacturer (Amersham, Little 
Chalfont, UK) After labeling, the biotinylation buffer was discarded, and cells 
were washed twice with ice-cold PBS and treated with lysis buffer (Tris-HCl, 
pH 7 4. 0 15 M NaCl, 5 mw EDTA, 1 mM phenylmethylsulfonyl fluoride, and 
0 24 units/ml aprotinin) containing 1 \% octyl-/3-glucoside (Boehringer Mann- 
heim, Mannheim, Germany) for 1 h at 0°C Detergent lysates were clarified by 
cenuifugation (15,000 X g t 15 min at 4°C). Protein concentration was deter- 
mined by btcinchoninic acid protein assay (Pierce) 

Immunoprecipitation nnd Western Blot Immunoprecipitation was done 
using Movl9 immobilized on CNBr-activated Sepharosc as described (14) and 
human C4 bound to Ni-NTA resin (Qiagen) Blots were saturated with Blotto 
(5% MPBS) containing 0.2% Tween 20. incubated with HRP-streptavidin. and 
developed for ECL assay (Amersham). Biotinylated protein molecular size 
markers for ECL (14. 3-97 .4 kDa) were from Amersham 

Radiolubeling and Affinity Measurement Human selected Fab and mu- 
rine MOV 19 Fab were labeled with ll5 l (Amersham) by lactoperoxidase- 
catalyzed iodination (38) to a mean specific activity of 6.9 and 3 6 mCi/mg r 
respectively The K afi was determined by Scatchard analysis of the binding 
data (39). OVCAR3 cells (3 X 10 4 /well in 50 pi of RPMI 1640 plus 1% FCS) 
were incubated for 3 h on ice with serial dilutions of l25 Wabe!ed Ab After 
three washes with cold buffer (PBS plus 003%. w/v, BSA), cell-bound 
radioactivity was measured directly in a gamma counter Background was 
determined in the presence of 100-fold excess of cold Fab 

DNA Sequencing. Nucleotide sequences of selected V regions were de- 
termined by the dideoxy chain termination method (40) using a Sequenase kit 
(United States Biochemical Corp.) Murine Ab V regions were sequenced with 
the sequencing primers for the RAPAS kit (SI, S3 T S4, and S6; Pharmacia) 
For the human clones. V regions were sequenced wiUi HUCHSEQ (5 '-TAG 
TCC TTG ACC AGG CAG-3') for the VH and HULABDASEQ (5'-GTG 
TGG CCT TGT TGG CTT G-3') and HUKAPPASEQ (5'-CAC AAC AGA 
GGC AGT TCC-3') for the VL Sequences were analyzed using MacVector 
4 1.4 (IBI Kodak. New Haven, CI), and human VH genes were compared with 
a database of human germ line genes (41) VA genes were compared with a 
directory of germ line VA, as compiled by Williams and Winter (42) 

Histochemistry. Five-micrometer cryostat sections were prepared and 
stained using a standard peroxidase method (43). Human Fab was tagged with 
anti-myc monoclonal Ab 9E10 followed by peroxidase-conjugated anti-mouse 
Ab, whereas murine MOV 19 was tagged directly with peroxidase-conjugated 
anti-mouse Ab 



RESULTS 

Cloning of Murine V Genes. The light chain of mouse mono- 
clonal Ab Movl9 served as the "template " Both heavy and light chain 
V-genes of Movl9 were initially cloned for display as scFv in a 
filamentous phage vector and shown to bind to OVCAR3 target cells 
bearing the FBP. Table 1 lists the sequences of the polypeptide chains 
of each domain 
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I able 2 V-scne /am//)* onrf predicted CDR loop structure 
Canonical structures were determined as described by Choihia el ai (45. 50. 51) 
References for all human germ line genes are from Tomlinson (4!) CDIt complemen- 
tarity-d eterminant region; G), germ line 

Canonical loop 



Family 


CDR1 


CDR2 


V gene 


Light chain 






MoVK3 


MOV 19 VK 


5 


1 


Human VLC4 


2 


1 


Hu VI2 


Gl DPL10 


2 


1 


Hu VI2 


G1 DPL6 


2 


1 


Hu VII 


Human VLDI 


2 


1 


Hu V12 


Gl DPLI2 


2 




Ho VI2 


Heavy chain 








MOV19 VH 


1 


2 


Mo VH2 


Human VH 8B 


1 


3 


Hu VH3 


Gl DP77 


1 


3 


Hu VH3 


OLDP3J 


1 


3 


Hu VH3 



Selection of Human Heavy Chain. The light-chain V gene was 
recloned with the mouse Ck gene on a plasmid vector for secretion of 
the template light chain from the bacterial periplasm 

Bacteria containing the light chain were infected with fd phage 
encoding a repertoire (size, 10 7 clones) of human heavy chains (VH- 
CHI). Phages produced by these bacteria display hybrid Fab frag- 
ments (murine Vk-Ck-human VH-CH1); the heavy chains are fused at 
their COOH-termini lo pill, and their light chain partners associate 
spontaneously in the periplasmic space (10). 

The hybrid murine-human Fab phage repertoire was selected by 
panning on a monolayer of OVCAR3 cells Phages that bound to the 
cells were used to infect bacteria containing the light chain to produce 
phages bearing hybrid Fab fragments. This process was performed 
three times, with an enrichment in number colony of 4 7 X 10 4 - 
24 X 10 6 from the first lo the third round of panning. Individual 
clones from the third panning were grown in 96- well microliter plates, 
and phages bearing the hybrid Fab fragments were screened for 
binding by ELISA lo three different human ovarian carcinoma cell 
lines overexpressing FBP (OVCAR3, IGROV1, and SKOV3) and to 
two other tumor cell lines that do not overexpress FBP (Me wo and 
A431), Phages from 7 of 44 clones tested bound to each of the cell 
lines overexpressing FBP but not to the oilier two cell lines. All seven 
clones had the same human VH8B sequence (Table 1) 

Selection of Human Light Chain. The VH-CH1 gene of the 
selected human heavy chain was inserted into the phagemid display 
•vector pHENl containing repertoires of human k and A light chain 
genes (size, 10 5 clones for each chain). The resulting repertoire 
created (size, 10 6 clones) was rescued by infection with helper phage, 
and the phagemid particles were selected on OVCAR3 monolayers as 
above The process was performed a total of four times with an 
enrichment of colony number from 3.27 X 10 6 in the first panning to 
2.4 X 10 7 in the fourth panning. Phages from 20 of 80 of the phage 
clones tested by phage-ELISA bound specifically to die cell lines 
overexpressing FBP. Sequencing revealed two different A light 
chains, human VLC4 (C4) and human VLD1 (Dl) (Table 1). 

V Gene Family and Predicted CDR Loop Structure. The human 
heavy chain sequence (human VH8B) appeared to derive from germ 
line segments DP31 and DP77, and the human C4 light chain se- 
quence appeared to derive from germ line segments DPL10 and DPL6 
(Table I), presumably because of PCR crossover (44) in the construc- 
tion of the V-gene library The human Dl light chain sequence was 
derived from the DPL12 germ line only The human light chains of C4 
and Dl both derive from the human VL2 family, and the human heavy 
chain VH8B derives from the VH3 family (Table 2). 

Comparison of the sequence of the murine Movl9 template and the 
related human Ab revealed little similarities; furthermore, there were 
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few similarities in loop structure Ab loops can be classified into 
different lengths and structural classes or "canonical" loops (45) In 
the light chains, the CDR1 canonical loop of mouse Movl9 was 1 
residue longer (Table 1) and had a different canonical fold (5 instead 
of 2) from that of the human light chains (Table 2). No differences in 
lengths or canonical loops (see Table 2) were observed for CDR2 The 
murine CDR3 was either 1 or 2 residues shorter than its human 
counterpart. In respect to the heavy chains, the CDR2 of Movl9 has 
a different canonical fold than the human heavy chain (2 instead of 3), 
and the murine CDR3 is 2 residues shorter than the human CDR3 

Binding Specificity of Human Fab Fragments. Phages display- 
ing each of the two human Fab fragments, C4 and Dl (according to 
their light chains), the hybrid Fab fragment (with human heavy and 
mouse light chain), and the mouse MOV 19 scFv fragment were 
analyzed by FACS on OVCAR3 cells to confirm their binding spec- 
ificity for cells overexpressing FBP (Fig 1) Phage expressing die 
human Ab fragments showed a pattern of reactivity superimposable 
on that of phage expressing the murine scFv of MOV 19, with phage 
C4 reactivity slightly higher than that of phage Dl (MFI, 50 versus 
35), MFI of hybrid phage was higher than either the human or murine 
phage value, consistent with previous observations during the selec- 
tion of phage libraries against soluble Ags (26). 

Soluble human Fab fragments were also expressed, harvested from 
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Rg I FACS analysis of phagi -binding activity on OVCAR3 cells Cells were 
incubated for I h at room temperature with medium (A), murine scFv MOV 19 (B). hybrid 
Fab (murine VK-CK-human VH-CHI; C). fully human Fab Dl (0), and fully human Fab 
C4 (£) Phage binding was detected by incubation with anti-Ml3 Ab followed by 
FITC-conjugaied anti-sheep Ab 
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Fig 2, Binding activity of bacterial pcriplasmic extracts on OVCAR3 cells Cells were 
incubated for 1 h at room temperature with medium (A), soluble scFv MOV 19 (fl). soluble 
human Fab Dl (Q. and soluble human Fab C4 (0). Binding of soluble fragments was 
detected with 9E10 monoclonal Ab followed by FITC-conjugatcd anti-mouse Ab 



the bacterial periplasm, and shown by FACS to bind specifically t 0 
OVCAR3 cells (Fig. 2) Clone C4 showed higher reactivity than Dl, 
and C4 was selected for purification and specificity analysis on a wide 
panel of tumor cell lines The C4 human fragment was purified as 
described in "Materials and Methods" with a yield of 2.5 mg/ml 
periplasm, and its purity was checked by HPLC and SDS-PAGE The 
HPLC profile revealed a major peak with a retention time correspond- 
ing to a protein with an apparent molecular mass of 44,700 Da, similar 
to that of the murine Fab molecule (42,100 Da) A minor peak (-16% 
of the total) with an apparent molecular mass of 21,000 Da might 
represent the dissociated chains of the Fab FACS analysis indicated 
identical binding specificity of C4 and MOV 19, because only the cell 
lines recognized by MOV 1 9 were also recognized by C4 (Table 3) 
The differences in MFI of the two Abs likely reflect the use of 
different detection reagents (see "Materials and Methods"). 

The fragment was also able to immunolocalize FBP in frozen 
sections of ovarian cancer surgical specimens by immunoperoxidase 
staining; specimens of other histotypes were negative for C4 reactivity 
(Fig. 3). 

The molecular specificity of C4 was further analyzed on OVCAR3 
cells in competition binding assay with mouse Fabs MOV 19 and 
MOV 18 Fab MOV 19 efficiently competed with human C4 Fab, 
whereas Fab Movl8, even at the maximum concentration tested (100 
jxg/ml) did not (Fig 4) These results confirm that the Ab selection 
procedure targeted the same or a closely related epitope as the murine 
Ab used to guide the selection. However, the low concentration (IC 501 
0 25 jxg/ml) of murine Fab sufficient to compete with human Fab 
binding (5 /ig/ml) indicated a lower affinity of C4 Indeed, Scatchard 
analysis of the binding data for both the MOV19 Fab and human C4 
Fab on OVCAR3 cells indicated a K a{r value for the human Fab 
(0.2 x I0 8 m"" 1 ) that was fivefold lower than for the murine Fab 
(I X lOSr 1 ). 

Immunoblot analysis of biotinylated FBP after immunoprecipita- 
tion with C4 revealed a single band at approximately 38,000 kDa 
migrating at the same position as the corresponding band immuno- 
precipitated with MOV19 (Fig 5). 



Table 3 Binding specificity of human C4 and murine MOV 19 on t 
tumor cell lines" 



Cell lype 


MOV 19 




C4 




% positive 6 


MFJ C 


% positive 


MFI 


Ovarian carcinoma 










OVCAR3 


90 


263 


70 


290 


IGROV1 


87 


135 


74 


1314 


OVCA432 


88 


105 


85 


91 3 


SKOV3 


!4 


75 


6 


27 


SW626 


7 


38 9 


16 


38 5 


Mammary carcinoma 










T47D 


75 


60 


59 


46 . 


MCF7 


_d 








MDA-MB35 











MDA-MB361 
M DA- MB 231 
Hs578T 
SKBR3 
Lung carcinoma 
CALU3 
N592 

Epidermoid carcinoma 

A431 
Melanoma 

MEWO 



Evaluated by FACS analysts 

— " obtained after subtraction of negative control from Ab- 
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b Percent positive cells was 
treated cells. 

'Mean fluorescence intensity of positive cells 
MFI <20 superimposiblc to negative controls 
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Fig 3. Immunohisiochemical evaluation of the binding of human C4 Fab (A) and 
murine MOV 19 (B) on cryosiai sections from an FBP-posiiive ovarian carcinoma. All 
sections were couMerslaincd with hematoxylin C. negative staining of C4 on an FBP- 
ntgativc breast carcinoma. 



DISCUSSION 

In the present study, we used the technique of guided selection to 
obtain a human Ab directed against a specific epitope of a tumor- 
associated Ag (FBP) that is overexpressed on ovarian carcinoma cells. 
This approach has the advantage that it obviates the need for purifi- 
cation of the cell surface Ag (such as the tumor marker or CD Ag on 
human lymphocytes) provided that a rodent monoclonal Ab is avail- 
able. 

The selected Ab fragment was highly specific for FBP, as demon- 
strated by ELISA and FACS binding data and by immunoprecipitation 
of FBP from the cell surface of ovarian carcinoma cells The Ab was 
highly specific to FBP and targeted to the same epitope of the Ag as 
the template rodent Ab (MOV 19); 

The binding affinity of the human Fab fragment (2 X 10 7 m"* 1 ) was 
approximately fivefold weaker than that of the murine Movl9 How- 
ever, the observed affinity is adequate for in vitro studies and should 
be adequate for in vivo applications such as i p injection for meta- 
static localization of ovarian carcinoma (24) Moreover, it should be 
Possible to improve me affinity by mutagenesis in vitro (46) or in 
bacterial mutator strains (47). Because of their small size, these Fab 
fragments are expected to have improved pharmacokinetic properties 
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in terms of biodistribution, penetrance of solid tissues, and clearance 
from die circulation, thus reducing accumulation in normal organs and 
enhancing target localization (48, 49). 

The principle of guided selection, which involves the use of a 
(mouse) template chain to help fashion the Ag-binding site of a 
(human) Ab in combination with a complementary (human) chain 
from a repertoire, might be expected to select human chains that are 
structurally similar to the corresponding mouse chain and able to 
make similar contacts to the Ag. Indeed, earlier work with an anti- 
hapten Ab of known crystallographic structure showed that several of 
the critical Ag-binding contacts were retained (26). However, we 
found no clear suuetura] similarities between the original mouse Ab 
and the selected Ag binding sites- The lack of structural similarities 
may reflect, in part, the lack of precise homologues in the human 
repertoire, as noted already (26). 

Comparison with the human germ line sequences indicated that our 
selected anti-FBP Ab contained some mutations in framework regions 
and that both human C4 light and VH8B heavy chains appeared to 
derive from a combinations of two different germ line sequences. This 
presumably occurs by "PCR crossover" between two different germ 
line sequences during the assembling of the V gene library Because 
crossover events are likely to constitute only a minor fraction of the 
V-gene library, this suggests that the extra combinatorial diversity of 
the sequences in the hypervariable loops is essential in this case and 
may also be important in other case of guided selection. 

Our data indicate that completely human Ab can be obtained 
against a tumor target of interest for which clinical studies with 
murine monoclonal Ab have given promising results (23-25). Be- 
cause C4 Ab is entirely of human origin, it is expected to be much less 



100 




Murine Fab concentration (ng/ml) 

Fig 4 Inhibition of human Fab C4 binding on OVCAR3 cells Cells were incubaied 
for I h at room temperature with Fab C4 mixed with titrated doses of murine MOV 19 (*) 
and MOV 18 {•) Fab. C4 binding was detected by ELISA using rabbit anti-human A plus 
HRP-conjugaicd anti-rabbit Ab 



C4 MOV19 

. ' I . ■ 

FBP — ► mm ' In 

Fig 5 FBP precipitation by human C4 Fab (Lone J) and MOV 19 (Lane 2) BioUny- 
latcd cell surface proteins from 1CROV1 ovarian carcinoma cells were immunoprccipi- 
tated by the relevant Ab. fractionotcd by 107* SDS-PAGE. Western bloticd- and revealed 
by ECL. 
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immunogenic and therefore useful for sequential administration as a 
therapeutic reagent 
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ABSTRACT We have genetically modified filamen- 
tous bacteriophage to deliver genes to mammalian 
cells. In previous studies we showed that nonco- 
valently attached fibroblast growth factor (FGF2) can 
target bacteriophage to COS-1 cells, resulting in 
receptor-mediated transduction with a reporter 
gene. Thus, bacteriophage, which normally lack tro- 
pism for mammalian cells, can be adapted for mam- 
malian cell gene transfer. To detennine the potential 
of using phage-mediated gene transfer as a novel 
display phage screening strategy, we transfected 
COS-1 cells with phage that were engineered to 
display FGF2 on their surface coat as a fusion to the 
minor coat protein, pill. Immunoblot and ELISA 
analysis confirmed the presence of FGF2 on the 
phage coat. Significant transduction was obtained in 
COS-1 cells with the targeted FGF2-phage compared 
with the non targeted parent phage. Specificity was 
demonstrated by successful inhibition of transduc- 
tion in the presence of excess free FGF2. Having 
demonstrated mammalian cell transduction by phage 
displaying a known, gene targeting ligand, it is now 
feasible to apply phage-mediated transduction as a 
screen for discovering novel ligands. — Larocca, D., 
Kassner, P. D., Witte, A., Ladner, R. C, Pierce, G., 
Baird, A. Gene transfer to mammalian cells using 
genetically targeted filamentous bacteriophage. 
FASEB J. 13, 727-734 (1999) 

Key Words: phage display • transfection • receptor-mediated 
• ligand 

The selection of. affinity ligands from libraries of 
highly diverse peptides, cDNA encoded proteins, or 
antibodies displayed on the surface of phage has 
proved to be a successful strategy for ligand discovery 
because genes encoding binding peptides can be 
recovered from selected phage (1). Moreover, this 
method has been used to express various biologically 
active proteins, including growth factors, on phage 
(2-8), and therefore allows functional screening for 
mutations with improved properties. As originally 
described, phage libraries were screened by 'biopan- 
ning' against purified target protein bound to a solid 



phase. More recent variations of phage display in- 
clude selecting cell targeting ligands by screening 
phage libraries against whole cells (9) or even in vivo 
for identification of organ-specific ligands (10). The 
advantage of selection on cells is that cell-specific 
binding and internalizing ligands can be identified 
without previous knowledge or purification of the 
receptor. Our goal is to further adapt ligand display 
phage to both internalize and transduce the target 
cells, thus making it possible to directly select cell- 
specific ligands that are capable of binding and 
functional internalization. Since internalization is 
required but might not be sufficient for gene deliv- 
ery, we anticipate that transduction screening will 
identify ligands that are particularly suitable for gene 
transfer. 

Alternative ligands could greatly improve existing 
vectors for therapeutic gene delivery by targeting 
specific cells, thus reducing toxicity and allowing 
vectors to be administered systemically (11). In an 
effort to increase vector selectivity and potency, 
growth factors and other cell-specific ligands that 
bind cell surface receptors have been used for tar- 
geting both nonviral and viral vectors (12). For 
example, we used fibroblast growth factor (FGF2) 2 
to target DNA condensates (13) and adenovirus (14, 
15) to cells that overexpress FGF receptors, such as 
occurs in certain tumor cells and after injury. Tar- 
geting can even be applied to a single-stranded DNA 
bacterial virus, which normally has no tropism for 
mammalian cells. Recently, we showed that a modi- 
fied filamentous bacteriophage can be specifically 
targeted to FGF receptor-bearing cells with nonco- 



1 Correspondence: Selective Genetics Inc., 11035 Roselle 
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2 Abbreviations: AEBSF, 4-(2-aminoethyl) -benzene sulfonyl 
fluoride; BGH, bovine growth hormone; BSA, bovine serum 
albumin; DMEM, Dulbecco's modified Eagle's medium; 
ELISA, enzyme-linked immunoassay; FBS, fetal bovine serum; 
FGF2, fibroblast growth factor; GFP, green fluorescent pro- 
tein; HRP, horseradish peroxidase; OD, optical density; 
PBST, phosphate-buffered saline with 0.05% Tween 20; PEG, 
polyethylene glycol; SDS, sodium dodecyl sulfate; SOE-PCR, 
splice overlap extension-polymerase chain reaction. 
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TABLE 1 ■ Oligonucleotides used in phage vector construction: 



# 


Name 


Sequence 


1 


NKAoriFor 


P0 4 -GGCGCCGGTACCGTATACGATGGCTGACTAA 1 1 111 


2 


SV40oriRev 


ATGGGCTATGAACTAATGGCAAAAGCCTAGGCCTCC 


3 


PvuICMVf 


CAATTACGATCGCATTAGTTCATAGCCCAT 


4 


CMVANcoIrev 


CGCATCACCATGCTAATAGCGATGAC 


5 


CMVANcoIfor 


CTATTAGCATGGTGATGCGG 11 11 G 


6 


CMVMCSrev 


TCTAGATATCGCGCGCGATCTGACGGTTCAC 


7 


MCSBGHpAf 


TCGCGCGCGATATCTAGAGATCAGCCTCGACTGTGC 


8 


BGHpArev3 


P0 4 -GGCGCCGAAGCCATAGAGCCGACG 


9 


EGFPfor 


PO4-TTGGCGCGCAGAATGGTGAGCAAGGGCGAG 


10 


EGFPrev 


P0 4 -CGTCTAGATTACTTCTACAGCTCGTC 


11 


FGF2/3for 


P0 4 -GACCATGGCAGCAGGATCAATAAGA 


12 


FGF2C78r 


CAGGTAACGGTTAGCAGACACTCCTTTGATAGA 


13 


FGF2C78f 


TCTATGAAAGGAGTGTCTGCTAACCGTTACCTG 


14 . 


FGF2/3rev2 


P0 4 -CTGCAGAGCCTCCTCCACCGCTCTTAGCAGACA1TGG 



valently attached FGF2, resulting in successful for- 
eign transgene expression (16). Based on these 
observations, we reasoned that if targeted phage 
transduction could also be accomplished by geneti- 
cally displaying a targeting ligand on the phage 
surface, it would then be feasible to identify novel 
ligands by direct selection of those that mediate gene 
transfer. 

In the present study, we transduced COS-1 cells 
with filamentous phage displaying a known gene 
targeting ligand, FGF2. We constructed FGF2 display 
phage by fusing the FGF2 gene to the pill gene 
encoding the minor coat protein. The phage were 
modified for transduction of mammalian cells by 
inserting a green fluorescent protein (GFP) reporter 
gene transcriptionally driven by the cytomegalovirus 
immediate early promoter (CMV) into the phage 
genome. Specificity of the FGF2-phage-mediated 
transduction was demonstrated by inhibition of 
transduction in the presence of excess free FGF2. 
These data support our hypothesis that phage trans- 
duction can be used to screen display libraries for 
novel ligands capable of gene transfer. 



MATERIALS AND METHODS 
Materials 

The FGF2 used in the competition experiments described 
here and for preparing the biotinylated FGF2 (16) was 
mutagenized so that the cysteine at position 96 in wild-type 
FGF2 had been changed to serine. It was produced and 
purified as described previously (17). This single mutant 
contains one free cysteine, which simplified the chemical 
derivitization with biotin. Homogeneity was established by 
amino acid analysis, amino-terminal sequence analyses, and 
using mass spectroscopy to determine the molecular mass. All 
other materials and reagents described in this study were 
purchased where indicated. 



Modification of phage for mammalian cell reporter 
gene expression 

A mammalian cell expression cassette consisting of the SV40 
origin of replication (SVori), the CMV immediate early 
promoter, a multiple cloning site, and the bovine growth 
hormone (BGH) polyadenylation and transcriptional termi- 
nation signals was inserted into an ampicillin-resistant M13 
phage vector, MANP, to create the MCMV vector. These 
elements were assembled using splice overlap extension- 
polymerase chain reaction (SOE-PCR) (18). Briefly, the 
primer pairs [1, 2], [3, 4], and [5, 6] (Table 1) were used to 
amplify SVori and CMV DNA fragments from pEGFP-Nl 
(Clontech, Palo Alto, Calif), and the primer pair [7, 8] 
(Table 1) was used to amplify the BGH DNA terminator 
fragment from pcDNA3.1 (Invitrogen, Carlsbad, Calif). DNA 
fragments were gel purified, combined, and used as template 
for amplification using flanking primers 1 and 8. The result- 
ing 1 kb product was subcloned into the unique Pvull site of 
the MANP vector. The EGFP gene is human codon optimized 
and has a mutation, described by Cormack et al. (19), that 
results in a 35-fold increase in fluorescence intensity over 
wild-type GFP. The EGFP gene was amplified from pEGFP-Nl 
(Clontech) by PCR with primers 9 and 10 (Table 1), sub- 
cloned into Smal digested pBS + (Stratagene, San Diego, 
Calif). After sequencing, the EGFP gene was removed with 
BssHll and Xbal and inserted into the multiple cloning site of 
the BssHll/ Xbal digested MCMV phage vector to create MG3. 
This vector encodes a short peptide extension on the amino 
terminus of pill (CGPSPPVRWC). 

Construction of FGF2 display phage 

To avoid potential folding and aggregation problems that 
might occur as a result of expressing the FGF2 (C96S) mutant 
with an unpaired cysteine (C78), we created DNA encoding a 
155 amino acid double mutant of mature FGF2 (C78S,C96S) 
and inserted it in frame with the pill gene of M13, using the 
Ncol and Pstl sites in the MG3 vector (Fig. 1) such that the 
insert is downstream from the pill signal peptide encoding 
sequence. The DNA sequence between the Ncol and Pstl sites 
encoding the peptide (CGPSPPVRWC) was replaced with the 
FGF2 gene. The double mutant was created by site-directed 
mutagenesis of a FGF2 C96S mutant (17). SOE-PCR was used 
to amplify DNA from the FGF2 template using primer pairs 
[11, 12], and [13, 14] (Table 1). Amplified DNA fragments 
were purified by gel electrophoresis and used as template for 
amplification with primers 11 and 14 (Table 1). With this 
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Figure 1. Phage vectors for mammalian cell transduction. A) 
Parent phage with native pill coat protein. B) FGF2-pIII 
fusion display phage. Base vector is M13 genome with ampi- 
cillin resistance (Amp R ) gene and GFP expression cassette 
inserted into the intergenic region between pIV and pll. 
ori-CMV, SV40 replication origin and CMV promoter; GFP, 
green fluorescent protein gene; BGH, bovine growth hor- 
mone polyadenylation* sequence. 



strategy, a cysteine to serine mutation was made at amino acid 
78 of FGF2, the termination codon was removed, a gly-gly-gly- 
gly-ser linker was add6d, and Ncol and Pst\ sites were intro- 
duced for subcloning.^ Sequencing of the FGF2-phage vector 
indicated that a single base pair error was introduced during 
assembly, which resulted, however, in a silent mutation. 

Purification of phage particles and determination of titer 

Phage were purified by standard polyethylene glycol (PEG) 
precipitation (1). Briefly, —20 ampicillin-resistant colonies of 
phage infected ToplOF' host bacteria (Invitrogen) were 
seeded into one liter of LB media containing 100 fig/ml 
ampicillin and grown for 16 h at 37°C with shaking. Bacteria 
were removed by centrifugation (20 min at 11,800 g) and 
supernatant was transferred to fresh bottles. AEBSF (4-(2- 
aminoethyl)-benzene sulfonyl fluoride) was added to a final 
concentration of 0.2 mM. Phage particles were precipitated 
by addition of l/6th volume of 30% PEG 8000 in 1.5M NaCl, 
incubation at 4°C for 2 h, and centrifugation (30 min at 



11,800 g). The pellet was resuspended in 30 ml of PBS 
containing 0.2 mM AEBSF at 4°C for 30 min with occasional 
vortexing. Residual bacteria were removed by centrifugation 
(20 min at 26,000 g) and supernatant transferred to fresh 
tubes. Phage particles were again precipitated by addition of 
l/6th volume of 30% PEG 8000 in 1.5M NaCl, incubation at 
4°C for 30 min, and centrifugation (30 min at 26,000 g). The 
final phage pellet was resuspended in 10 ml PBS containing 
0.2 mM AEBSF, titered, and stored at 4°C. 

For CsCl purified phage, 4 g of CsCl were added to 2 ml of 
phage in PBS and 6 ml TE ( 10 mM Tris pH 8.0, 1 mM EDTA) . 
After 16 h of centrifugation at 211,000 gat 15°C, the upper 
translucent band was removed from the top with a 18 g 
needle and 1 ml syringe. Phage were dialyzed against PBS 
overnight at 4°C and titered in XL-lBlue MRF' host cells 
(Stratagene) using standard protocols (1). The smaller 
plaques generated by the FGF2 display phage were counted to 
determine titer for mammalian cell transduction assays. Some 
preparations contained large revertant plaques that resulted 
from phage containing deletions of all or part of the FGF2 
gene. Only preparations containing >95% small plaques 
were used. 



Analysis of FGF2 expression on display phage 

CsCl purified phage were boiled in IX Tris-glycine-sodium 
dodecyl sulfate (SDS) sample buffer (Novex, San Diego, 
Calif.) containing 5% 2-mercaptoethanol for 3 min prior to 
loading on 8% polyacrylamide Tris-glycine gels (Novex) for 
immunoblot analysis. After separation, proteins were trans- 
ferred to pure nitrocellulose filters (0.2 [xM pore) (Bio-Rad, 
Richmond, Calif.) in 96 mM glycine, 12 mM Tris Base, 0.01% 
SDS and 20% methanol. The filter was blocked in 1% bovine 
serum albumin (BSA) in PBST (phosphate-buffered saline 
with 0.05% Tween 20) for 1 h at RT and probed with mouse 
anti-FGF2 antibody (Transduction Laboratories, Lexington, 
Ky.) at a 1:500 dilution, or mouse anti-pill antibody (Mo 
BiTec, Gottingen, Germany) at a 1:1000 dilution, in 1% BSA 
in PBST for 1 h at room temperature. After five 5 min washes 
with PBST, filters were incubated with biotinylated donkey 
anti-mouse antibody (Jackson Immunoresearch, West Grove, 
Pa.) at a 1:5000 dilution in 1% BSA in PBST for 1 h. After five 
5 min washes with PBST, filters were incubated with a 
horseradish peroxidase (HRP) streptavidin conjugate (Amer- 
sham Life Sciences, Arlington Heights, 111.) at a 1:20,000 
dilution in 1% BSA in PBST for 15 min. Filters were washed 
five times for 5 min with PBST and developed with chemilu- 
minescent substrates, SuperSignal or SuperSignal ULTRA 
(Pierce Chemical, Rockford, 111.), for 1 min, then exposed to 
film. 

A sandwich enzyme-linked immunoassay (ELISA) was used 
to detect immunologically reactive FGF2 on recombinant 
phage. Rabbit anti-fd phage antisera and mouse anti-FGF2 
antibody (#B1786 and #F3393, respectively; Sigma, St. Louis, 
Mo.) in 0.1 M carbonate/bicarbonate buffer (pH 9.6) were 
adsorbed onto 96-well plates overnight. Wells were washed 
three times with PBST, blocked with Superblock (Pierce 
Chemical) for 3 h, and washed three times with PBST prior to 
addition of phage dilutions (50 jil/well). Phage were incu- 
bated overnight at 4°C, washed eight times with PBST, and 
incubated with HRP-conjugated anti-M13 antibody (Pharma- 
cia Biotech, Piscataway, NJ.) at a 1:5000 dilution for 1 h. After 
five washings with PBST, signal was developed with 50 u,l/well 
o-phenylenediamine dihydrochloride substrate (Sigma) for 
~5 min. All incubations were done at room temperature. 
Reactions were stopped with 20 jxl 3M HC1, optical density 
(OD) was read at 490 nm, and data were analyzed with 
SoftMax Pro software (Molecular Devices, Sunnyvale, Calif.). 
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Phage transfection and detection of reporter gene 

The ability of FGF2 displaying phage particles to transduce 
cells was evaluated using the COS-1 cell line (ATCC, 
Rockville, Md.) that was grown in Dulbecco's modified 
Eagle's medium (DMEM) containing 10% FCS, 2 mM 
L-glutamine, pyruvate, and nonessential amino acids. The 
COS-1 cell line is a derivative of CV-1 monkey kidney cells 
and carries a single .copy of the SV40 T-antigen, which 
permits high copy replication of DNAs that contain an 
SV40 origin of replication. Cells were transferred into 
six-well plates at densities of 40,000 cells 24 h prior to 
phage particle addition. The phage were added at 10 11 
pfu/ml and incubated with the cells (~75,000/well) for 4 h 
at 37°C in DMEM containing 2% BSA (bovine serum 
albumin) as a blocking agent. In some instances, free FGF2 
was added to a final concentration of 2 u-g/ml or blocking 
phage were added at a 100-fold excess at the time of phage 
addition. The blocking phage particles (3-gal phage) do 
not display FGF2 or contain a GFP gene. They were 
prepared from pRC-CMVp phagemid-transformed host 
bacteria by rescue with Ml 3 helper phage as described 
previously (16). After washing to remove unbound phage, 
the cells were returned to the incubator for an addi- 
tional 72 h. 

Nongenetic phage targeting was performed by assem- 
bling a phage-FGF2 receptor complex at the cell surface as 
described previously (16). Briefly, the cells were washed 
twice with ice-cold PBS/FBS (PBS with 2% fetal bovine 
serum), followed by the sequential addition of biotinylated 
FGF2, neutravidin (Pierce Chemical), and biotinylated 
anti-M13 antibody on ice for 15 min each, with a cell wash 
in between each step., Fifteen minutes after adding biotin- 
ylated anti-M13 antibody, the cells were washed and phage 
was added in PBS/FBS to form a complex at the cell 
surface. After 1 h on ice, the cells were washed, put into 
fresh culture media and returned to the incubator at 37°C 
to permit internalization. GFP expression was measured 
72 h later. 

Transduction was measured by counting all of the GFP- 
positive auto fluorescent cells in each well. Transfections were 
done in triplicate and performed at least twice. The cells were 
washed twice in PBS/FBS and 1 ml of Dulbecco's PBS was 
added to each well. Fluorescent cells were detected directly in 
the culture plates using an epifluorescent inverted micro- 
scope (Nikon Diaphot) equipped with a fluorescein isothio- 
cyanate filter set. 



RESULTS 

Construction of MG3-phage 

We modified the Ml 3 phage vector for transduction 
of COS-1 cells by inserting a CMV-driven GFP re- 
porter gene into the intergenic region of the phage 
genome to construct the MG3 vector (Fig. I A). This 
GFP expression cassette included an origin of repli- 
cation from SV40 • to ensure high copy number 
replication in SV40 T-antigen-containing cells. 
COS-1 cells were transfected with double-stranded 
phage DNA by CaP0 4 coprecipitation to confirm 
that the GFP expression cassette was functional (not 
shown). 



A B C D 
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Figure 2. Detection of FGF2-pIII fusion protein in protein 
extracts from purified FGF2-phage by immunoblotting. Ex- 
tracts from equivalent phage titers of purified FGF2 phage 
(lanes a and c) and MG3 control phage (lanes b and d) were 
separated by polyacrylamide gel electrophoresis and blotted 
onto nitrocellulose. Phage immunoblots were probed with 
anti-FGF2 antibody (lanes a and b), or anti-pill antibody 
(lanes c and d). 

Display of FGF2 on MG3-phage 

Although our strategy for expressing FGF2 on the 
surface of filamentous phage was similar to one used 
to display ILr3 (5), it was unclear how the inclusion 
of the CMV-GFP expression cassette would affect 
display. DNA encoding FGF2 was fused 5' to DNA 
encoding the full-length minor coat protein pill, so 
that three to five copies of targeting ligand fused at 
the amino terminus of the coat protein were ex- 
pected to be displayed per phage (Fig. IB). Because 
earlier attempts to display FGF2 (C96S) were less 
successful, we used an FGF2 gene derivative that 
contained two mutations, resulting in the conversion 
of the two free surface cysteines to serines to reduce 
the probability of misfolding and aggregation. The 
(C96S,C78S) mutant of FGF2 has previously been 
produced in bacteria and shown to have equivalent 
biological activity as recombinant wild-type FGF2 
(20). Recombinant phage were identified by the 
smaller plaque size, probably caused by the foreign 
pill extension reducing phage productivity. 

The FGF2-pIII fusion was detected on phage par- 
ticles by immunoblot analysis of FGF2-phage. An 
immunoblotted fusion protein of —85 kDa was de- 
tected in the lane loaded with an extract of 10 10 
FGF2-phage but not in the lane containing an equiv- 
alent amount of parent phage (lanes a and b, Fig. 2). 
This immunoreactive protein migrates at the pre- 
dicted combined molecular mass of FGF2 (~ 18kDa) 
and pill (migrates anomalously at 65-70 kDa). 
When an identical blot was prepared in parallel and 
probed with an anti-pill antibody, a protein band 
corresponding to native pill was seen in both FGF2- 
phage and in the parent MG3-phage extracts (lanes 
c and d, Fig. 2) . An additional higher molecular mass 
but less abundant protein migrating at the expected 
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Figure 3. Detection of FGF2 on FGF2-phage by EUSA. Phage 
were captured with anti-FGF2 antiserum (A) or anti-fd phage 
antiserum (B) bound-to the plate well. An HRP-conjugated 
anti-M13 antibody wai used to detect the bound phage. An 
increased OD indicated the presence of FGF2 on FGF2-phage 
when phage were capnired with anti-FGF2 antiserum. When 
anti-phage antibody was used to capture the phage, an 
equivalent OD was observed for both control MG3 phage and 
FGF2-phage, indicating that equivalent phage particles are 
applied to the plate. ' 

molecular mass of the FGF2-pIII fusion protein was 
detected only in the extracts from FGF2-phage (lane 
c). The smaller immunoreactive pill protein in the 
FGF2-phage lane was not detected by anti-FGF2 
antibody and migrated slightly faster than the MG3- 
phage encoded pill, indicating that it was probably 
the result of cleavage within the amino terminus of 
pill. These data suggest that both truncated pill and 
FGF2-pIII fusion protein were present on the FGF2- 
phage particles. We estimated from a dilution series 
on additional immunoblots (not shown) that the 
abundance of the fusion coat protein was ~l/50th 
of the free pill protein. If 3-5 pill molecules are 
present on each phage, then 6-10% of phage would 
display FGF2. ; 

We also assessed the presence of FGF2 on the 
phage coat by sandwich ELISA. There was a signifi- 
cant increase in FGF2-phage retained on the ELISA 
plate by FGF2 antibody compared with the MG3 
parent phage (Fig. 3A). There was little difference in 



the amount of either phage retained on the ELISA 
plate by anti-M13 antibody (Fig. SB). 

Transduction of COS-1 cells with FGF2-phage 

FGF2 display phage and MG3 control phage were 
compared for their ability to transduce COS-1 cells. 
Transfection with the FGF2-phage resulted in about 
a 10-fold greater transduction efficiency than the 
control phage (Fig. 4A). These findings indicate that 
the FGF2 ligand on the surface of the phage particles 
results in FGF2-dependent binding and internaliza- 
tion of phage because expression of the phage DNA 
encoded GFP requires nuclear transport, transcrip- 
tion, and translation in the target cell. The specificity 
of the FGF2-phage-mediated transduction for the 
FGF receptor complex was demonstrated by success- 
ful inhibition of transduction by these phage in the 
presence of an excess of free FGF2 (Fig. 4A). Com- 
petition with FGF2 had no effect on nonspecific 
transduction by MG3 control phage. 

We further demonstrated the specificity of the 
targeting pathway of FGF2-phage by adding an ex- 
cess of phage particles with no GFP gene and no 
targeting ligand to the incubation media. These 
'blocking phage' were expected to interfere with any 
nonspecific uptake of GFP containing phage, thus 
reducing the transduction efficiency of untargeted 
phage. As anticipated, transduction of cells by MG3 
control phage was significantly inhibited by a 100- 
fold excess of blocking phage. Moreover, the pres- 
ence of excess blocking phage did not inhibit FGF2 
targeting and, if anything, slightly increased FGF2- 
phage transduction (Fig. 4B). 

It was also important to rule out the possibility that 
the increased transduction efficiency of FGF2-phage 
was due to structural differences in the phage parti- 
cles themselves or, alternatively, to differences in the 
amount of transduction competent particles in the 
phage preparation. To investigate this possibility, we 
compared the transduction ability of FGF2-phage 
and MG3 control phage by nongenetically targeting 
both phages. Equivalent titers of each phage were 
used to transfect COS-1 cells using avidin-biotin 
FGF2 targeting (16), and there was no significant 
difference in transduction between FGF2-phage and 
control phage (Fig. 4Q. Thus, both FGF2-phage and 
MG3 control phage preparations have the same 
capacity to transduce COS-1 cells, once appropriately 
targeted. 



DISCUSSION 

Because of their inherent simplicity, the use of 
bacteriophage for gene delivery to mammalian cells 
is an attractive concept. Indeed, attempts to trans- 
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FCF2- Retargeted Control 



duce mammalian cells with bacteriophage particles 
began as early as 25 years ago, but with little success 
(21). Later studies successfully used chemical meth- 
ods to transduce niammalian cells with both single- 
stranded filamentous phage (22, 23) and double- 
stranded \ phage (24, 25), but there was no attempt 
to target the phage particles in these experiments. 
Recently, filamentous phage have been targeted to 
the cell surface and shown to be internalized with 
RGD peptides (26) or selected random peptides (9). 
Mammalian cell transfection has been reported with 
an RGD tail tube modified \ phage (27), however, 
this was achieved by growing cells directly on RGD- 
phage that had been adsorbed to the culture dish. 
We show here that, filamentous phage containing a 
CMV-driven GFP geVie and genetically displaying the 
growth factor ligand, FGF2, can transduce COS-1 
cells in an FGF2-specific manner. To our knowledge, 
this is the first report to demonstrate mammalian 
cell gene transfer by genetically targeted filamentous 
phage. These data, are consistent with and extend 
our previous results, demonstrating that filamentous 
phage that normally have no tropism for mammalian 



cells can be adapted for cell-specific mammalian cell 
transduction when appropriately targeted. 

Consistent with previous reports describing the 
functional display of various small peptide cytokines 
and growth factors as pill fusion proteins on the 
surface of M13 phage (2-8), we found that FGF2 can 
be displayed on the phage surface as a pill fusion. 
Early attempts to express FGF2 fused to the pill or 
pVIII coat protein in other vector systems designed 
to include expression of both fusion protein and 
native pill coat protein (1) resulted in only native 
pill and no detectable FGF2 fusion protein by im- 
munoblot analysis (data not shown). We therefore 
attempted expression of an FGF2-pIII fusion onto 
the phage coat by expressing it in the phage vector 
described here, which contains only the FGF2-fused 
copy of the pill gene. Even in this system, the 
FGF2-pIII fusion represented only ~2-3% of the 
total pill protein present on phage particles, indicat- 
ing low but detectable expression of FGF2-pIII. To- 
gether, these data suggest that there is strong selec- 
tive pressure against bacterial expression of the FGF2 
fusion in the periplasm where phage assembly oc- 
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curs, thus resulting in more of the free pill protein 
on the phage particle. The free pill presumably is 
the result of proteolytic cleavage of the FGF2 fusion 
protein. 

The significant albeit low transduction efficiency 
obtained with FGF2-phage could be explained by the 
expression of a single FGF2 on 6-10% of phage 
particles, which is similar to what is obtained for 
other ligands with vectors designed for monovalent 
phage display (1). Since heparin-induced FGF2 
dimerization is thought to activate FGF2 (28), this 
process, and therefore biological activity, might be 
increased by multivalent display. Sequences in the 
phage vector itself could also contribute to the lower 
transduction efficiency. Noncovalent FGF2 targeting 
in the present study resulted in about a 12-fold lower 
transduction efficiency than expected from our pre- 
vious results with a smaller phagemid vector system 
( 16) . Therefore, we, expect that more efficient ligand 
expression on the phage surface and further modi- 
fications of the vector will improve transduction 
efficiency. This increased efficiency could potentially 
exceed that which we have previously reported for 
nongenetic targe tirig [~l%, (16)]. 

Our ELISA data showed binding of a neutralizing 
anti-FGF2 antibody to the displayed FGF2, suggest- 
ing that the FGF2 on the phage surface is properly 
folded and therefore active. This notion is further 
supported by the observation that significant trans- 
duction of COS-1 cells with FGF2-phage was ob- 
tained relative to the parent phage, MG3. Moreover, 
the FGF2-phage-mediated transduction was specific 
for FGF receptors, as shown by the substantial inhi- 
bition of transduction in the presence of excess free 
FGF2. The low level of nonspecific transduction by 
the control MG3 phage was not affected by the 
presence of excess FGF2, suggesting that simple 
adhesion to the cell surface and subsequent internal- 
ization were not mediated by FGF receptors. How- 
ever, the presence of a 100-fold excess of nontrans- 
ducing phage particles significantly inhibited this 
nonspecific transduction but not the specific FGF2- 
phage transduction, providing further evidence of 
specificity. These data indicate that FGF2 display 
phage can transduce mammalian cells, that the 
transduction is specifically mediated by the displayed 
ligand, and that FGF2-phage were internalized by a 
distinct pathway from the untargeted phage. 

Our results extend the proposal that peptide dis- 
play phage might themselves be used as gene deliv- 
ery vehicles (9, 16). Indeed, in many ways, bacterio- 
phage fit the description of the ideal gene therapy 
vector (11). Though immunogenic, like animal viral 
vectors, phage might be safer because they are much 
less likely to generate a replication-competent virus 
in animal cells. Phage would also be less likely to 
infect nontargeted tissues because of their natural 



lack of tropism for eukaryotic cells. Thus, the tar- 
geted phage particles resemble synthetic DNA con- 
jugates that can be biologically produced. The re- 
sults described here suggest that development of an 
improved gene delivery vehicle could be achieved by 
further modification and selection of genetically 
altered phage, resulting in safe and efficient gene 
transfer into mammalian target cells. 

Having demonstrated transduction by phage ge- 
netically displaying a known gene targeting ligand, it 
should be possible to apply selective phage transduc- 
tion and the power of combinatorial phage libraries 
to the discovery of new gene targeting ligands. 
Current phage display methods for identifying cell- 
or organ-specific targeting ligands select only for 
phage binding and/or internalization (9, 10) and 
require recovery of infective phage. Noninfective 
phage that are, for example, uncoated and trafficked 
to the nucleus for expression, would be missed by 
existing screening methods. Therefore, selection of 
ligand targeted phage using phage internalization 
and subsequent expression of a selectable reporter 
gene could directly identify novel ligands capable of 
both cell-specific internalization and trafficking re- 
quired for gene delivery. We anticipate that the 
discovery of such ligands will greatly improve the 
efficacy of existing gene therapy vectors. H 
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We report that prokaryotic viruses can be re-engineered to infect eukary- 
otic cells resulting in expression of a reporter gene inserted into the bac- 
teriophage genome. Phage capable of binding mammalian cells 
expressing the growth factor receptor ErbB2 and undergoing receptor- 
mediated endocytosis were isolated by selection of a phage antibody 
library on breast tumor cells and recovery of infectious phage from 
within the cell. As determined by immunofluorescence, F5 phage were 
efficiently endocytosed into 100% of ErbB2 expressing SKBR3 cells. To 
achieve reporter gene expression, F5 phage were engineered to package 
the green fluorescent protein (GYP) reporter gene driven by the CMV 
promoter. These phage when applied to cells underwent ErbB2-mediated 
endocytosis leading to GFP expression. GFP expression occurred only in 
cells overexpressing ErbB2, was dose-dependent reaching, 4% of cells 
after 60 hours and was detected with phage titers as low as 2.0 x 10 7 
cfu/ml (500 phage/cell). The results demonstrate that bacterial viruses 
displaying the appropriate antibody can bind to mammalian receptors 
and utilize the endocytic pathway to infect eukaryotic cells, resulting in 
expression of a reporter gene inserted into the viral genome. This rep- 
resents a novel method to discover targeting molecules capable of deli- 
vering a gene intracellularly into the correct trafficking pathway for gene 
expression by directly screening phage antibodies. This should signifi- 
cantly facilitate the identification of appropriate targets and targeting 
molecules for gene therapy or other applications where delivery into the 
cytosol is required. This approach can be adapted to directly select, rather 
than screen, phage antibodies for targeted gene expression. The results 
also demonstrate the potential of phage antibodies as an in vitro or in vivo 
targeted gene delivery vehicle. 

© 1999 Academic Press 

Keywords: endocytosis; ErbB2; gene therapy; phage display; single chain 
Fv antibodies 



Introduction 

Widespread application of gene therapy requires 
the ability to target a therapeutic gene to the 
appropriate cell or tissue type with high efficiency 
(Michael & Curiel, 1994). Targeting of retroviral 
vectors has been reported by inserting receptor 
ligands or single chain Fv (scFv) antibody frag- 
ments into the viral envelope protein (Kasahara 
et at, 1994; Somia et al, 1995). Targeting of adeno- 
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viral vectors has been achieved by use of 
"adapter" fusion molecules consisting of an anti- 
body fragment that binds the adenoviral knob and 
a cell targeting molecule such as a receptor ligand 
or antibody (Douglas et at, 1996; Watkins et at, 
1997). Targeting of non-viral vectors using cell sur- 
face receptor ligands or antibodies has also been 
reported (Fominaya & Wels, 1996; Michael & 
Curiel, 1994). All of these approaches depend on 
the use of targeting molecules that bind a cell-sur- 
face receptor, resulting in internalization of the 
gene delivery vehicle with subsequent delivery of 
the DNA to the nucleus. Identification of appropri- 
ate targeting molecules has largely been performed 
by individually screening receptor ligands or anti- 
bodies. In the case of scFv antibody fragments, this 
typically requires construction of the scFv from the 
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V-genes of a hybridoma, construction of the tar- 
geted gene delivery vehicle, and in vitro evaluation 
of targeting ability.' 

More recently, it has proven possible to directly 
select peptides and antibody fragments binding 
cell-surface receptors from filamentous phage 
libraries (Andersen et al, 1996; Barry et al, 1996; 
Cai & Garen, 1995; de Kruif et al, 1995; Marks et al, 
1993). This has led to a marked increase in the 
number of potential targeting molecules. The abil- 
ity of bacteriophage to undergo receptor-mediated 
endocytosis (Hart et al, 1994; Barry et al, 1996; 
Becerril et al, 1999) indicates that phage libraries 
can be selected not only for cell binding but also 
for internalization into mammalian cells. If the 
phage single-stranded phage genome can be tran- 
scribed and translated, then it should prove poss- 
ible to screen or select for phage that bind 
receptors in a manner that leads to endocytosis 
and delivery of the phage genome into the correct 
trafficking pathway leading to expression. It has 
been shown that phage can enter mammalian 
cells after chemical alteration of the cell mem- 
brane leading to reporter gene expression 
(Okayama & Berg, 1985; Yokoyama-Kobayashi & 
Kato, 1993). More, recently, Larocca et at (1998) 
showed that indirect bacteriophage-mediated 
gene delivery could occur by targeting biotiny- 
lated phage via streptavidin and biotinylated 
fibroblast growth factor (FGF) to mammalian 
cells expressing FGF receptor. 

Here, we show that filamentous phage display- 
ing the anti-ErbB2 scFv F5 as a genetic fusion 
with the phage minor coat protein pHI can 
directly infect mammalian cells expressing ErbB2 
leading to expression of a reporter gene con- 
tained in the phage genome. This offers a new 
way to discover targeting molecules for intra- 
cellular drug delivery or gene therapy by directly 
screening phage antibodies to identify those 
capable of undergoing endocytosis and delivering 
a gene intracellularly into the correct trafficking 
pathway for gene expression. Hiis should signifi- 
cantly facilitate the identification of appropriate 
targets and targeting molecules for gene therapy 
or other applications where delivery into the 
cytosol is required. We also discuss how this 
approach might be used to directly select phage 
antibodies for targeted gene expression. Finally, 
we discuss the potential for use of phage anti- 
bodies themselves for in vitro or in vivo targeted 
gene delivery vectors. 

Results 

Internalization of ErbB2 binding monovalent 
and multivalent F5 phage particles by ErbB2 
expressing cells 

We isolated the anti-ErbB2 scFv-F5 from a 
library of scFv displayed on the surface of bacterio- 
phage as fusions to pEI (Sheets et al, 1998) by 
selection on ErbB2 expressing SKBR3 breast tumor 



cells and recovery of infectious phage from within 
the cell (M.-A. et al, unpublished results). This 
selection strategy (Hart et al, 1994; Barry et al, 
1996; Becerril et al, 1999) was employed to select 
scFv capable of undergoing endocytosis upon 
receptor binding. When the pHEN-F5 phagemid 
vector is rescued with VCS-M13 helper phage, 
the resulting virus particles (F5-phagernid) dis- 
play an average of one copy of scFv-pHI fusion 
protein and three to four copies of the wild-type 
pEI minor coat protein from the helper phage 
(Marks et al, 1992). As a result, the phagemid 
bind monovalently. To improve the binding of 
the virus particles to ErbB2 expressing cells, 
multivalent phage antibodies were created by 
subcloning the F5 scFv DNA into the phage vec- 
tor fd-Sfi/Not for fusion with the pin protein. 
Virus particles, referred to as fd-F5 phage, dis- 
play four to five copies of scFv-pEI fusion pro- 
tein (Marks et al, 1992). 

To determine whether F5 phage antibodies could 
be internalized by mammalian cells, SKBR3 cells 
overexpressing ErbB2 were incubated for 16 hours 
with fd-F5 phage (10 9 cfu/ml), F5 phagemid (10 u 
cfu/ml), or with phagemids displaying an irrele- 
vant anti-botulinum scFv-pIII fusion protein (10 12 
cfu/ml; Amersdorfer et al, 1997) as a negative con- 
trol. The cell surface was stripped of phage anti- 
bodies using low-pH glycine buffer, the cells 
permeabilized and fixed, and intracellular phage 
detected with anti-M13 antibody. Remarkably, all 
cells showed strong intracellular staining when 
incubated with fd-F5 phage or with F5 phagemid 
but not when incubated with the anti-botulinum 
phagemid (Figure 1). This demonstrates the depen- 
dence of phage entry on the specificity of the scFv 
fused to pEI. 

Preparation ol ErbB2-binding phages and 
phagemids packaging a reporter gene for 
expression in eukaryotic cells 

Two strategies were used to investigate whether 
F5 phage could deliver a reporter gene to mamma- 
lian cells leading to expression. To make mono- 
valent phage containing a reporter gene, we cloned 
the gene for green fluorescent protein (GFP) driven 
by the CMV promoter into the phagemid vector 
pHEN-F5 generating the vector pHEN-F5-GFP 
(Figure 2, upper panel). Escherichia coli TGI con- 
taining pHEN-F5-GFP (ampicillin resistant) were 
infected with helper phage (kanamyrin resistant) 
and high titers of monovalent F5-GFP phagemids 
were obtained (5.0 x 10 10 ampicillin-resistant cfu/ 
ml of culture supernatant). The ratio of packaged 
phagemid DNA versus helper phage DNA (ampi- 
cillin versus kanamycin resistant cfu) was deter- 
mined to be 100:1. To make multivalent phage 
containing a reporter gene, fd-F5-GFP phage were 
generated by infecting E. coli TGI carrying the 
pcDNA3-GFP phagemid (ampicillin-resistant) with 
fd-F5 phage (tetracycline-resistant), thus using fd- 
F5 phage as a helper phage. The fd-F5-GFP phage 
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Figure 1. Internalization of anti-ErbB2 phagemids 
(monovalent) and phages (multivalent). SKRR3 cells 
(4.0 x 10 5 ) were incubated at 37 °C with (a) and (b) no 
phage, (c) and (d) lO^ 2 cfu/ml of anti-Botulinum phage- 
mid (non specific phagemid), (e) and (f) 10 9 cfu/ml of 
anti-ErbB2 fd-F5-phage or (g) and (h) 10 11 cfu/ml of 
anti-ErbB2 F5-phagemid. After 16 hours, the cell surface 
was stripped to remove the extracellular phages. Cells 
were fixed, permeabilized and stained with Hoechst dye 
(left column) to detect the cell nucleus and biotinylated 
anti-M13 antibody and streptavidin Texas-Red (right 
column) to detect intracellular phage particles. 



titer was approximately 5.0 x 10 s ampicillin resist- 
ant cfu/ml of culture supernatant Lower phage 
titers result when fd is used as a helper phage 
because it lacks a : ; plasmid origin of replication 
leading to interference from the phagemid fl ori- 
gin (deary & Ray, 1980). The ratio of packaged 
reporter gene DNA versus phage DNA (ampicil- 
lin versus tetracydine-resistant cfu) was 1:1. The 
lower ratio of reporter gene /helper genome 
when using fd as *a helper phage is due to the 
presence of a fully functional packaging signal 
on the fd genome compared to the mutated 
packaging signal in VCS-M13 (Vieira & Messing, 
1987). Both phage and phagemid preparations 
were assessed for SKBK3 cell binding (Figure 3). 
While both preparations bound SKBR3 cells, 
binding could be detected with as little as 10 8 
cfu/ml of fd-F5-GFP phage cfu/ml (160 fM) 
compared to 10 10 cfu/ml of F5-GFF phagemids 
(15 pM). Thus multivalent binding leads to an 
increase in the apparent binding constant of 
virus particles. 



Targeted phagemid and phage-rnediated gene 
transfer into ErbB2 expressing breast 
cancer celis 

To determine if ErbB2 binding phagemids were 
capable of targeted gene delivery, Z0 x 10 5 SKBR3 
cells (a breast tumor cell line expressing high levels 
of ErbB2) or 2.0 x 10 5 MCF7 cells (a low ErbB2 
expressing breast tumor cell line) were incubated 
with 5.0 x 10 11 cfu/ml F5-GFP phagemids at 37°C 
SKBR3 cells express at least 27 to 170 times more 
ErbB2 than MCF7 cells (Lewis et al, 1993). Cells 
were analyzed for GFF expression by FACS after 
48 hours (Figure 4(a)). Of the SKBK3 cells, 1.37% 
expressed GFP after incubation with F5-GFP pha- 
gemids (Figure 4(a6)), GFP expression was identi- 
cal regardless of the orientation of the fl packaging 
signal (data not shown), indicating that transcrip- 
tion/translation was proceeding via synthesis of 
the complementary DNA strand. GFP expression 
was not detected in SKBR3 cells incubated with no 
phage or with helper phage packaging the reporter 
gene (Figure 4(a4) and 4(a5)). Expression was also 
not seen in MCF7 cells incubated with no phage, 
helper phage or pHEN-F5-GFP, indicating the 
requirement of ErbB2 expression for targeted gene 
delivery (Figure 4(al), 4(a2) and 4(a3)). Since gene 
transfer applications are likely to involve targeting 
of specific cells in a heterogeneous cell population, 
we performed the same experiment on a co-culture 
of SKBR3 and MCF7 cells (Figure 4(b)). Cells were 
stained for ErbB2 expression to cUsaiminate MCF7 
from SKBK3 cells and the GFP expression of each 
subpopulation was analyzed by FACS. Only 
SKBR3 cells (1.91 %) expressed GFP. Similar results 
were found using F5-GFP phages instead of F5- 
GFP phagemids (data not shown). These data con- 
firm that fd-F5-GFP phage and F5-GFP phagemid- 
mediated gene delivery is restricted to ErbB2-over- 
expressing cells and can be targeted to such cells in 
the presence of non-expressing cells. 

Characterization of phage-mediated 
gene transfer 

To determine the dose-response characteristics of 
phage-mediated gene transfer, SKBR3 cells were 
incubated for 60 hours with increasing amounts of 
fd-F5-GFF phage or F5-GFP phagemids and the 
percentage of GFP-positive cells determined 
(Figure 5(a) and 5(b)). The minimal phage concen- 
tration required for detection of a significant num- 
ber of GFP positive cells (Figure 5(a)) was 
approximately 4.0 x 10 7 cfu/ml for fd-F5-GFP 
phage (0.13%) and 1.0 x 10 10 cfu/ml for F5-GFP 
phagemid (0.12%). The values correlate closely 
with the binding curves (Figure 3) and indicate 
that multivalent phage are 100 to 1000 time more 
efficient than phagemids in terms of gene 
expression. No significant number of positive cells 
were observed with up to 4.0 x 1(F cfu/ml of 
helper phage packaging the reporter gene. For 
both phage and phagemid, the percentage of GFP- 
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Figure 2. Strategies for produ- 
cing anti-EibB2 phagemids and 
phages packaging an eukaryotic 
reporter gene. Upper panel: helper 
phage are used to infect TGI con- 
taining pHEN-F5<JFP, a phagemid 
composed of an fl origin of replica- 
tion (fl ori), the anti-ErbB2 F5 scFv 
gene fused to gene III and a 
eukaryotic GFP reporter gene dri- 
ven by the CMV promoter. Phages 
recovered from the culture super- 
natant display an average of 1 
scFv-pIH fusion protein and 99 % of 
them package the GFP reporter 
gene. Lower panel: the anti-ErbB2 
F5 scFv gene is cloned into the fd 
phage genome for expression as a 
scFv-pDI fusion. fd-F5 phages are 
used to infect TGI containing a 
GFP reporter phagemid vector 
(pcDNA3-GFP). Phages purified 
from the culture supernatant dis- 
play multiple scFv-puT fusion pro- 
tein and approximately 50% 
package the GFP reporter gene. 



positive cells increased with phage concentration 
with no evidence of a plateau. The maximum 
values achieved were 2% of cells for fd-F5-GFP 
phage and 4 % for F5-GFP phagemids and appear 
to be limited by the phage titer applied (1.5 x 10 9 
cfu/ml and 4.0 x 1(A 2 cfu/ml, respectively). The 
amount of GFP expressed per cell (estimated by 
the mean fluorescent intensity (MFI), Figure 5(b)) 



800 




phage concentration (cfu/mL) 

Figure 3. Comparison of anti-ErbB2 phagemid and 
phage binding on cells: 10 5 ErbB2 expressing SKBR3 
cells were incubated with increasing concentrations of 
I6-phagemids (□) or fd-F5-phage (<>) at 4°C for one 
hour. Cell surface-bound phages were detected with bio- 
tinylated anti-Ml3 and streptavidin-PE. Binding was 
detected by FACS and the results are expressed as mean 
fluorescent intensity (MFI). 



also increased with phage concentration, with a 
small number of cells showing expression with 
phage titers as low as 2.0 x 10 7 cfu/ml (fd-F5-GFP 
phage) to 1.0 x 10 10 cfu/ml (F5-GFP phagemid). 

To compare the yield of gene expression 
obtained with phage to traditional transfection 
methods, single-stranded (ssDNA) or double- 
stranded DNA (dsDNA) was transfected into 
SKBR3 using lipofectamine. Per microgram of 
ssDNA, efficiency of phagemid-mediated gene 
delivery (approximately 1%) was comparable to 
lipofectamine transfection of ssDNA (0.98%) and 
dsDNA (1.27%; Table 1). Efficiency was approxi- 
mately 500-fold higher for ph age-mediated trans- 
fection, with 2.25 ng of ssDNA resulting in 
transfection of 0.87% of cells. 

To determine the time-course of gene expression, 
5.0 x 10 11 cfu/ml of F5-GFP phagemid was incu- 
bated with SKBR3 cells. After 48 hours, the culture 
medium was replaced by fresh medium. GFP- 
expressing cells can be detected within 24 hours 
after phage are applied and the percentage of posi- 
tive cells increases linearly with increasing time to 
a maximum of 4.5% by 120 hours (Figure 5(c)). 
The GFP content of the positive cells, as estimated 
by the MR, increases up to 96 hours (Figure 5(d)). 
After 96 hours, the number of GFP-positive cells 
continues to increase but the MFI decreases, prob- 
ably due to the repartition of GFP molecules to 
daughter cells during cell division. 

Discussion 

We demonstrate that filamentous phage display- 
ing an anti-ErbB2 scFv antibody fragment as a gen- 
etic fusion with the minor coat protein pill can be 
directly targeted to mammalian cells expressing 
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the specificity of the scFv. Such phage undergo 
receptor-mediated endocytosis and enter an intra- 
cellular trafficking pathway that ultimately leads 
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Figure 4, Phagemid-mediated gene transfer in breast 
cancer cell lines, (a) (1-3) 2.0 x 10 s MCF7 (low ErbB2 
expression) or (4-6) 2.0 x 10 s SKBR3 (high ErbB2 
expression) cells grown in six-well plates were incubated 
with (1 and 4) no phage, (2 and 5) 5.0 x 10 32 cfu/ml of 
helper phage packaging GFP, or (3 and 6) 5.0 x 10 13 
cfu/ml of F5-GFP-ph a gerrrids for 48 hours. Cells were 
trypsinized and GFP detected by FACS. (b) An equal 
number of MCF7 and SKBR3 cells (1.0 x 10 s * were 
grown together and incubated with 5.0 x 10 11 cfu/ml of 
F5-GFP-phagemids for 48 hours. Cells were trypsinized 
and stained for ErbB2 expression using 4D5 antibody 
and rhodairune-conjugatecf sheep anti-mouse Ig to dis- 
crirninate SKBK3 (region Rl) and MCF7 (region R2) 
cells. The GFP content of each subpopulation was deter- 
mined by FACS. 



to reporter gene expression. This is a remarkable 
finding, demonstrating that prokaryotic viruses 
can be re-engineered to infect eukaryotic cells, 
resulting in expression of a reporter gene inserted 
into the bacteriophage genome. Gene expression 
was detected with as few as 2.0 x 10 7 cfu of phage 
and increased with increasing phage titer up to 4 % 
of cells. Multivalent display decreased the 
threshold for detectable gene expression approxi- 
mately 500-fold compared to monovalent display, 
most likely due to an increase in the functional affi- 
nity and an increased rate of receptor-mediated 
endocytosis from receptor crosslrnking. The maxi- 
mum percentage of cells transfected, however, was 
higher for monovalent display (phagemid) due to 
the significantly higher phage titer generated. The 
lower titer of multivalent phage is due to interfer- 
ence of the fl origin of replication on the reporter 
phagemid with the fd phage antibody origin of 
replication (Cleary & Ray, 1980). 

Targeted infection of mammalian cells using 
phage that bind endocytosable receptors is likely 
to be a general phenomenon. For example, fusing 
an anti-transferrin receptor scFv to gene III of 
pHEN-GFP results in GFP expression in 10% of 
MCF7 cells, 4 % of SKBR3 cells, 1 % of LNCaP cells 
and 1 % of primary melanoma cells (M. Huie & 
J.D.M., unpublished results). Similarly, targeted 
GFP gene delivery to FGF receptor- expressing cells 
using biotinylated phage and a streptavidin-FGF 
fusion molecule was recently reported (Larocca 
et ah, 1998). However, direct genetic fusion of the 
targeting molecule via gene IE may be more effi- 
cient than using adapter molecules. Thus, while 
the maximum percentage of cells transfected using 
the FGF-adapter molecule was not reported, we 
estimate it to be only 0.03% of FGF expressing L6 
rat myoblasts based on the number of cells 
infected, the time after infection to the measure- 
ment of gene expression and the number of cells 
expressing GFP. While a greater frequency of 
expression (0.5%) was seen in COS-1 cells, this 
results from the presence of large T antigen and 
SV40-mediated DNA replication and thus is not 
generalizable to most cells. 

The approach we describe represents a novel 
method to discover ligands for targeted intracellu- 
lar drug or gene delivery. Phage antibody or pep- 
tide libraries are first selected for endocytosis by 
mammalian cells (Barry et al, 1996; Becerril et al, 
1999, M.-A.P. et al, unpublished results) or for 
binding to purified antigen, cells, tissues or organs. 
After sub cloning the selected scFv genes into the 
pHEN-GFP vector, phage produced from individ- 
ual colonies can be directly screened for gene 
expression. This is possible, since expression can be 
detected with as little as 1.0 x 10 1 * cfu of phage- 
mids. This permits direct identification of endocy- 
tosed scFv and the subset of receptor antibodies 
that undergo proper trafficking for gene 
expression. If multivalent display is necessary for 
efficient endocytosis, the scFv genes can be sub- 
cloned into fd-Sfi-Not, which is then used to rescue 
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Figure 5. (a) and (b) Concen- 
tration-dependence of phagemid 
and phage-mediated GFP 
expression in SKBR3 cells. 5.0 x 10 4 
ceils were grown in 24-well plates 
and incubated with increasing con- 
centrations of F5-GFP-ph a gemids 
(□), fd-F5-GFP-phage (O) or GFP- 
helper phage (O). After 60 hours, 
the cells were trypsinized and ana- 
lyzed by FACS for GFP expression. 

(c) and (d) Time-dependence of 
phagerrdd-mediated GFP 
expression in SKBR3 cells. The 
5.0 x 10 4 cells were incubated with 
5 x 10 11 cfu/mL of F5-GFP-phage- 
mid and analyzed for GFP 
expression by FACS. For incubation 
times longer than 48 hours, the 
phage were added to 2.5 x 10 4 cells 
and the culture medium was 
replaced by fresh medium after 48 
hours of incubation. The results are 
expressed as (a) and (c) percentage 
of GFP-positive cells, and (b) and 

(d) MH of the GFP-positive cells. 



the reporter phagemid. Use of scFv-fd phage also 
allows the targeting of a large number of different 
reporter genes in various expression vectors, since 
many commercially available mammalian vectors 
contain f 1 origins of replication. As such, antibody- 
targeted phage might prove to be useful transfec- 
tion reagents, especially for cells that are difficult 
to transfect by standard techniques. 

It may also prove possible to use this approach 
to directly select, rather than screen, antibodies for 
targeted gene delivery. For example, mammalian 
cells are incubated with a phage antibody library 
containing the GFP gene, and then sorted based on 
GFP expression using FACS. Phage antibody DNA 
would be recovered from the mammalian cyto- 



plasm by cell lysis and used to transfect E. coli and 
prepare more phage for another round of selection. 
If the quantities of recoverable phage DNA are 
inadequate, inclusion of the neomycin gene in the 
pHEN-GFP vector would permit selection of GFP- 
expressing mammalian cells using G418 (Larocca 
et at, 1998). 

Finally, this system has promise as a targetable 
in vitro or in vivo gene therapy vehicle. The main 
limitations are infection efficiency, pharmacoki- 
netics and immunogenicity. With respect to infec- 
tion efficiency, values achieved by targeted phage 
in this study (8.0 x 10 4 /ml of phage preparation) 
are not dissimilar to values reported for targeted 
retrovirus (10 3 - 10 5 /ml of virus; Kasahara et at, 



Table 1. Transfection efficiencies in SKBR3 cells 



Transfection method 



Reporter plasmid 



Amount of reporter 
plasmid DNA 



% of GFP positive cells 



F5-phagemi d-me diated 



fd-F5-phage- mediated 



Helper phage- mediated. 



Lipofectamine 



pHEN-F5-GFP 

pcDNA3-GFP 

pN 2 GFP 
pN 2 GFP 



dsDNA 
ssDNA 



15 ng 
3.1 Mg 
0.78 jig 

5ng 
2.25 ng 
1.25 ng 
100 ng 
20 ^g 
5 Mg 
1 Mg 
1 Mg 



3.84 
1.44 
0.64 
1.69 
0.87 
0.57 
0.12 
0.07 
0.06 
1.27 
0.98 



9 Cells were analysed '48 hours after transfection for GFP expression using FACS. Results are expressed in % of GFP positive cells. 
For phage, the amount of reporter plasmid was calculated from the plasmid si2e and the number of ampicillin (pHEN-F5-GFP or 
pcDNA3-GFP) or kanamydn (pN 2 GFP) resistant colonies. Mock transfected celb contained an average of 0.05 % GFP-positive cells. 
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1994; Somia et al, 1995) but less than reported for 
adenovirus targeting strategies (up to 100% of 
cells; Douglas et al, 1996; Watkins et al, 1997). The 
factors limiting higher infection efficiencies, how- 
ever, are likely to differ between the systems. Thus 
while the percentage of cells infected by retrovirus 
is significantly higher than observed for bacterio- 
phage, infection is limited by the problems encoun- 
tered in producing large numbers of virus that can 
enter the cell. Since all cells take up the targeted 
phage (Figure 1), gene expression is limited by one 
or several post-uptake events (e.g. degradation of 
phage to release DNA, endosomal escape, nuclear 
targeting or transcription). More detailed study of 
the fate of the phage and its DNA is likely to 
suggest where the block lies, permitting engineer- 
ing of phage to increase infection efficiency. For 
example, endosomal escape could be enhanced by 
co-administering replication-defective adenovirus 
(Curiel et ah, 1991) or incorporating endosomal 
escape peptides (Wagner et al, 1992) or proteins 
(Fominaya & Wels, 1996) into the phage major coat 
protein pVIIL Alternatively, infection efficiency 
could be increased combinatorially by creating 
scFv-targeted libraries of pVIII mutants and select- 
ing for increased gene expression. With respect to 
pharmacokinetics, though not extensively studied, 
concentrations of phage are much higher in the 
intravascular space than in tissue (Rajotte et al., 
1998). This would not affect in vitro phage gene 
therapy, but might limit in vivo uses to those tar- 
geting the vasculature. This still leaves numerous 
applications, including those where neovasculari- 
zation plays a role, such as cancer. With respect to 
immunogenicity, it is likely that phage will be 
immunogenic, thus limiting the number of times 
that phage could be administered in vivo. Alterna- 
tively, it might prove possible to evolve the major 
coat protein pVIII to reduce or eliminate immuno- 
genicity, for example by negatively selecting a 
pVIII library on immune serum (Jenne et al, 1998). 

Experimental protocol 

Anti-ErbB2 F5 scFv 

An anti-ErbB2 scFv (F5) in the vector pHEN-1 
(Hoogenboom et al, 1991; pHEN-F5) was obtained by 
selecting a non-immune phage antibody library (Sheets 
et al, 1998) on ErbB2^2xpressing SKBR3 cells followed by 
screening for binding on recombinant ErbB2 extracellular 
domain (ECD) (M.-A.P. et al, unpublished results). The 
native F5 scFv binds ErbB2 ECD with K d = 1.6 x 10 7 M 
as determined by surface plasmon resonance in a BIA- 
core (Schier et al, 1996). 

Phage and phagemid vectors 

pcDNA3-GFP (6.1 kbp) was obtained by subcloning 
the Hindm/NotI fragment of pN 2 EGFP (4.7 kbp; Clon- 
tech) into the pcDNA3-HisB/LacZ (Invitrogen) Hindin/ 
Notl backbone. An fd-F5-phage vector was constructed 
by subcloning the Sfi 1/Not I scFv-F5 insert from pHEN- 
1 into the Sfi I/Notf sites of fd-Sfi/Not (constructed from 



fd-tet-DOG (dackson et al, 1991) by changing the ApaLl 
cloning site in the gene HI leader to SfiL; a gift from Dr 
Andrew Griffiths, MRC, Cambridge). The pHEN-F5-GFP 
phagemid vector (6.8 kbp) was obtained by subcloning 
the 1.6 kbp pN 2 EGFP-blunted Asel/AflR fragment into 
the blunted EcoKL site of pHEN-F5. The orientation of 
the insert was analyzed by Notl restriction digest. 



Cell line culture and transfection 

SKBR3 and MCF7 were grown in KPMI complemen- 
ted with 10% fetal bovine serum (FBS) (Hyclone). The 
50 % confluent SKBR3 cells grown in six-well plates were 
transfected with 1 ug of DNA per well using lipofecta- 
mine (GIBCO BRL) as recommended by the manufac- 
turer. pN 2 EGFP dsDNA was prepared by alkaline lysis 
using the Maxiprep Qiagen Kit (Qiagen Inc.). ssDNA 
was extracted from 500 pi of phagemid preparation (see 
below) by two extractions with phenol followed by pre- 
cipitation in ethanol. DNA was quantified by spectopho- 
tometry with 1.0 A 2&0 equal to 40 ug/ml for ssDNA or 
50 ug/ml for dsDNA For GFP detection, cells were 
detached using a trypsin-EDTA mix (GIBCO BRL) and 
analyzed on a FACScan (Becton Dickinson). 



Phagemid and phage preparation 

P HEN-F5, pHEN-F5-GFP, pcDNA3-GFP or pN 2 EGFP 
phagemids were prepared from E. coli TGl by superin- 
fection with VCS-M13 helper phage (Stratagene) as 
described (Marks et al, 1991). Fd-F5-phage were pre- 
pared from E. coli TGI as described (McGafferty et al, 
1990). F5-GFP-phage and F5-LacZ-phage were prepared 
by superinfection of E coli TGl containing pcDNA3-GFP 
with fd-F5-phage. Virus particles were purified from the 
culture supernatant by two precipitations in polyethy- 
lene glycol (Sambrook et al, 1990) resuspended in phos- 
phate-buffered saline, pH 7.4 (PBS), filtered through a 
0.45 um filter and stored at 4 °C. Alternatively, the prep- 
arations were submitted to an additional CsGl ultracen- 
trifugation step (Smith & Scott, 1993). The ratio of 
packaged helper phage DNA versus phagemid DNA was 
determined by titering (Sambrook et al, 1990) the phage 
for ampiciUin and kanamycin-resistance (for helper 
ph age-rescued pHEN-F5) or ampicillin and tetracycline- 
resistance (for fd-F5 phage-rescued pcDNA3-GFP). 



Phage FACS 

Cells were Ixypsinized, washed with FACS buffer 
(PBS containing 1 % FBS) and resuspended at 10 6 cells/ 
ml in the same buffer. The staining procedure was per- 
formed on ice with reagents diluted in FACS buffer. Ali- 
quots (100 jil) of cells were distributed in conical 96-well 
plates (Nunc), centrifuged at 300 g and the cell pellets 
resuspended in 100 ul of serial dilutions of phage or pha- 
gemid preparation and incubated for one hour. Cells 
were centrifuged and washed twice, the cell pellets 
resuspended in 100 ul of biotinylated anti-Ml3 antibody 
(5 Prime, 3 Prime Inc.: diluted 1/400) and incubated for 
45 minutes. Cells were washed as above, resuspended in 
100 ul of streptavidin-Phycoerythrin (Jackson Inc.; 
diluted 1/400) and incubated for 20 minutes. After a 
final wash, the cells were analyzed by FACS. 
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Immunofluorescence 

Cells were grown on coverslips to 50 % confluency in 
six-well plates. Phage preparation (less than 10% of the 
culture medium) was added and the cells were incu- 
bated for 16 hours. The coverslips were washed six times 
with PBS, three times, for ten minutes with glycine buffer 
(50 mM glycine (pH* 2.S), 500 mM NaCl), "neutralized 
with PBS and fixed with PBS-4 % paraformaldehyde for 
five minutes at room temperature. Cells were permeabi- 
lized with cold acetone for 30 seconds, saturated with 
PBS-1 % BSA and incubated with anti-M13 antibody 
(diluted 1/300 in Hie saturation solution) followed by 
strep tavi din-Texas fed (Amersham; diluted 1/300 in the 
saturation solution). Coverslips were analyzed with a 
Zeiss Axioskop fluorescent microscope (Zeiss). 

Bacteriophage mediated cell infection 

CsCl phage preparations were diluted at least tenfold 
in cell culture medium, filtered through a 0.45 um filter 
and added to 30% to 50% confluent cells. After incu- 
bation, the cells were trypsinized, washed with FACS 
buffer and analyzed for GFF expression by FACS. In the 
experiments where MCF7 and SKBR3 were co-cultured, 
ErbB2 expression was quantified by FACS using the 
anti-BrbB2 mouse mAb 4D5 which binds ErbB2 BCD (a 
gift from Paul Carter, Genentech, Inc.; 10 [.ig/ml for one 
hour), biotinylated sheep anti-mouse immunoglobulins 
(Amersham) and streptavidin-Phycoerythrin. 



Acknowledgments 

M.-AP. was supported by a fellowship torn the 
Association pour la Recherche centre le Cancer, France. 
This work was supported, in part, by the U.S. Army 
Medical Research, Development, Acquisition, and Logis- 
tics Command (Pro v.) under giant no. DAMD17-94-J- 
4433 and DAMD-1 7-96-1-6244. 

References 

Amersdorfer, P., Wong, C, Chen, S., Smith, T v 
Desphande, S., Sheridan, R., Finnem, R. & Marks, 
j. D. (1997). Molecular characterization of the mur- 
ine humoral ixnmime response to Botulinum neuro- 
toxin type A binding domain as assessed by using 
phage antibody "'libraries. Infect. immun. 65, 3743- 
3752. 

Andersen, P. S., Stryhn, A, Hansen, B. E., Fugger, L, 
Engberg, J. & Buus, S. (1996). A recombinant anti- 
body with the antigen-specific, major histocompat- 
ibility complex-restricted specificity of T cells. Ptvc. 
Natl Acad. Sci. USA, 93, 1S20-1S24. 

Barry, M A., Dower, W. J. & Johnston, S. A (1996). 
Toward cell-tergeting gene therapy vectors: selec- 
tion of cell-binding peptides from random peptide- 
presen tin g phage' libraries. Nature Med. 2, 299-305. 

Becerill, B., Foul, M-A & Marks, J. D. (1999). Towards 
selection of internalizing antibodies from phage 
libraries. Biocliem. Biophys. Res. Commun. 255, 3S6- 
393. 

Cai, X. & Garen, A. (1995). Anti-melanoma antibodies 
from melanoma patients immunized with geneti- 
cally modified autologous tumor cells: selection of 
specific antibodies from single-chain Fv fusion 



phage libraries. Proc. 'Natl Acad. Sci. USA, 92, 6537- 
6541. 

Gackson, T., Hoogenboom, H. R v Griffiths, A. D. & 
Winter, G. (1991). Making antibody fragments 
using phage display libraries. 'Nature, 352, 624-62S. 

deary, J. M. & Ray, D. (1980). Replication of the plas- 
mid pBR322 under the control of a cloned replica- 
tion origin from the single-stranded DMA phage 
M13. Ptvc. Natl Acad. Sci USA, 77, 463S-4642. 

Curiel, D. T., Agarwal, S., Wagner, E. & Gotten, M 
(1991). Adenovims enhancement of transferrin-poly- 
lysine-mediated gene delivery. Proc. Natl Acad. Sci. 
USA, 88, SS50-SS54. 

de Kruif, )., Terstappen, L., Boel, E. & Logtenberg, T. 
(1995). Rapid selection of cell subpopulation-specific 
human monoclonal antibodies from a synthetic 
phage antibody library. Proc. Natl Acad. Sci. USA. 
92, 3938-3942. 

Douglas, ). T., Rogers, B. £., Rosenfeld, M. E., Michael, 
S. L, Feng, M. & Curiel, D. T. (1996). Targeted gene 
delivery by tropism-modified adenoviral vectors. 
Nature Bbtechnol 14, 1574-157S. 

Fominaya, J. & Wels, W. (1996). Target cell-specific 
ON A transfer mediated by a chimeric multidomain 
protein. Novel non-viral gene delivery system. 
/. Biol Gtem. 271, 10560-10568. 

Hart, S. L v Knight, A M., Harbottle, R. P., Mis by, A., 
Hunger, H. D., Cutler, D. E, Williamson, R. & 
Cou telle, C. (1994). Cell binding and internalization 
by filamentous phage displaying a cyclic Arg-Gly- 
Asp-containrng peptide. J. Biol Client. 269, 12468- 
12474. 

Hoogenboom, H. R., Griffiths, A. D v Johnson, K S., 
Chiswell, D. J., Hudson, P. & Winter, G. (1991). 
Multi-subunit proteins on the surface of filamentous 
phage: methodologies for displaying antibody (Fab) 
heavy and light chains. Nuel Acids Res. 19, 4133- 
4137. 

Jenne, S., Brepoels, K., Collen, D. & Jespers, L. (1998). 
Pligh resolution mapping of the B cell epitopes of 
staph ylokinase in humans using negative selection 
of a phage-displayed antigen library. /. Immunol 
161, 3161-3168. 

Kasahara, N., Dozy, A. M. & Kan, Y. W. (1994). Tissue 
specific targeting of retroviral vectors through 
ligand-receptor interactions. Science, 266, 1373-1376. 

Larocca, D., Witte, A., Johnson, W., Fierce, F. G. & 
Baird, A. (1998). Targeting bacteriophage to mam- 
malian cell surface receptor for gene delivery. Hum. 
Gene Titer. 9, 2393-2399. 

Lewis, G. D., Figari, L, Fendly, B., Wong, W. L, Cartel-, 
P., Gorman, C & Shepard, M (1993). Differential 
responses of human tumor cell lines to anti- 
p'185 HEr:j monoclonal antibodies. Cancer Immunol. 
Lmmunother, 37, 255-263. 

Mirks, |. D., Hoogenboom, H. R., Bonnert, T. P., 
McCafferty, J., Griffiths, A. D. & Winter, G. (1991). 
By-passing immunization: human antibodies from 
V-gene libraries displayed on phage, j. Mol Biol 
222, 5S1-597. 

Marks, J. D., Hoogenboom, H. R., Griffiths, A. D. & 
Winter, G. (1992). Molecular evolution of proteins 
on filamentous phage: min-ucking the strategy of 
the immune system /. Biol. Chem. 267, 16007-1 601 0. 

Mirks, J. D., Duwehand, W. H, Bye, j. M., Finnem, R., 
Gorick, B. D., Voak, D., Thorpe, S., Hughes-Jones, 
N. C. & Winter, G. (1993). Human antibody frag- 
ments specific for blood group antigens from a 
phage display library. Bio/Technol 11, 1145-1149. 



Targeted Eukaryotic Gene Delivery by Bacteriophage 



McCafferty, )., Griffiths, A. D., Whiter, G. & Chiswell, 
D. J. (1990). Phage antibodies: filamentous pha^e 
displaying antibody variable domains. Nature, 348, 
552-554. " 

Michael, S. I. & Curiel, D. T. (1994). Strategies to achieve 
targeted gene delivery via the receptor-mediated 
endocytosis pathway. Gene Titer. 1, 223-232. 

Okayama, H. & Berg, P. (1985). Bacteriophage lambda 
vector for transducing a cDNA clone library into 
mammalian cells. Mol Cell Biol. 5, 1136-1142. 

Rajotte, D., Arap, W., Hagedorn, M., Koivunen, E., 
Pasqualini, R. & Ruoslahti, E. (199S). Molecular het- 
erogeneity of the vascular endothelium revealed by 
iii vivo phage display. /. Clin. Invest 102, 430-437. 

Sambrook, )., Fritsch/.E. F. & Mania tis, T. (1990). Molecu- 
lar Cloning: A Laboratory Manual Cold Spring Har- 
bor Laboratory Press, Cold Spring Harbor, NY. 

Schier, Si, Bye, J. M v Apell, G., McCall, A., Adams, 
G. P., Malmqvist, M, VVeiner, L. M. & Marks, ). D. 
(1996). Isolation 'of high affinity monomelic human 
anti-c-erbB-2 single chain Fv using affinity driven 
selection. /. Mol Biol 255, 2S-43. 

Sheets, M. D., Amersdorfer, P., Finnern, R., Sargent, P., 
Lindqvist, E., Schier, R., Hemingsen, G., Wong, C, 
Gerhart J. C. & Marks, J. D. (199S). Efficient con- 
struction of a large nonimmune phage antibody 
libraiy: the production of high -affinity' human 



211 



single-chain antibodies to protein antigens. Proc. 
Natl Acad. Set. USA, 95, 6157-6162. 

Smith, G. P. & Scott, J. K. (1993). Libraries of peptides 
and proteins displayed on filamentous phage. 
Methods Enzymol 217, 228-257. 

Somia, N. V\, Zoppe, M. & Verma, I. M. (1995). Gener- 
ation of targeted retroviral vectors by using single- 
chain variable fragment: an appro ach to in vivo 
gene therapy. Proc. Natl Acad. Set. LISA, 92, 7570- 
7574. 

Vieira, J. &: Messing, J. (19S7). Production of single- 
stranded plasmid DNA. Methods Enzymol 153, 3-11. 

Wagner, E, Plank, C, Zatloukal, K, "Gotten, M. & 
Birnstiel, M. L (1992). Influenza virus hemaggluti- 
nin HA-2 N-terminal fusogenic peptides augment 
gene transfer by transferrin-polylyBine-DNA com- 
plexes: tow aid a synthetic virus-like gene-transfer 
vehicle. Proc. Natl Acad. Sci. USA, 89, 7934-793S. 

Watkins, S. J., Mesyanzhinov, V. V., Kuroclikina, L. P. & 
Hawkins, R. K (1997). The 'adenobody' approach 
to viral targeting: specific and enhanced adenoviral 
gene delivery. Gene Titer. 4, 1004-1012. 

Yokoyama-Kobayashi, M. & Kato, S. (1993). Recombi- 
nant fl phage particles can transfect monkey COS-7 
cells by DEAF dextran method. Biochem. Biophys. 
Res. Commun. 193, 935-939. 



Edited by ]. Kmn 



(Received 18 January 1999; received in revised form 8 March 1999; accepted 8 March 1999) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ black borders 
image cut off at top, bottom or sides 

□ faded text or drawing 

□ blurred or illegible text or drawing 
□/ 5 kewed/s lanted images 
y color or black and white photographs 
□/gray scale documents 



□ LINES OR MARKS ON ORIGINAL DOCUMENT 

REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 



□ OTHER: 



IMAGES ARE BEST AVAILABLE COPY. 

As rescanning these documents will not correct the image 

problems checked, please do not report these problems to 



the IFW Image Problem Mailbox. 



